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SURFACE HARDENING OF SPECIAL STEELS WITH 
AMMONIA GAS UNDER PRESSURE 


By Raymonp HH. Hosprock 





Abstract 





Samples of special steels have been nitrided with 
ammonia gas under pressure and the nature of the case 
so produced has been examined. The results show that 
an increase in the pressure of the ammonia gas results 
in a decrease in the surface hardness but greatly wn 
creases the depth of case produced im a given time. 
Curves are prese nted corre lating hardness, time of treat- 
ment and depth of the case. In a theoretical discussion 
of the results the author proposes an explanation of the 
phe nomena observed. 


NITRATION 


\ JITHIN the last few years there have been introduced special 
alloy steels that are particularly suited for surface harden- 
ing by the use of ammonia gas at rather low temperatures. Dr. 
Adolph Fry of the Krupp Aktiengesellschaft, Essen, Germany, has 
experimented extensively with the compounds of nitrogen and iron, 
has largely developed the temperature-composition diagram for 
these compounds and has been largely responsible for the successful 
commercial production of the alloys that are finding increasing use 
in the European and American industries. 

The physical properties of these alloys in the untreated condi- 
tion have been determined by Defries of the Ludlum Steel Company 
and by Homerberg and Zavarine of the Massachusetts Institute of 
_A paper presented before the tenth annual convention of the society held 
in Philadelphia Oetober 8 to 12, 1928. The author, Raymond H. Hobrock, was 


lated with the Engineering Experiment Station, Purdue University, La 
te, Indiana. Manuscript received June 8, 1928. 
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Technology and others as listed in the attached bibliogra, 
properties of the case have also been determined by various 
However, the nitration process has generally been carri 
atmospheric pressures and no previous attempts have been 
examine into the nature of the case that might be produc 
nitration of the special steels under pressure. 

It is the object of this paper to set forth the result 
examination made in the Department of Practical Mech: 


ICS ( 


Purdue University, into the relations existing between pressure 
the gas (NH.), hardness, penetration, and hardness gradient 


one typical steel. 
EXPERIMENTAL 


In this investigation the three fundamental variables 
treatment of the samples might be (1) the temperature, (2 

time of treatment, (3) the pressure of the ammonia gas. Hoy 
ever, the temperature at which the treatment is best effected has 





















been studied in previous researches, and for this experiment 
has been maintained constant at 875 degrees Fahr. The time o! 
treatment has been allowed to vary from two hours to 100 hours 
and the pressure of the ammonia gas has varied from atmospheric 
pressure to 600 millimeters of mercury above atmospheric pressur 

The alloy used in these experiments had a composition as in 


dicated in the following limits: 


Per Cent 





Carbon 0.38—0.43 Aluminum 1.00—1.2 
Silicon 0.20—0.30 Molybdenum 15—0.2 
Manganese 0.40—0.60 Nickel 0.30 


Chromium 1.60—1.80 





The specimens were cylindrical and were cut from a rod of t 





material 11/16 of an inch in diameter. The two ends were ground 
smooth and parallel to each other on a surface grinder so that 
when finished the eylinders had a height of 0.5 inches. Previous to 
the finishing operations the samples were annealed for ten hours al 
a temperature of 1000 degrees Fahr. in order to remove rolling and 
machining strains which might later cause distortion. 

The apparatus is indicated diagrammatically in Fig. 1. lt 
consists essentially of a tank of liquid ammonia, a needle valve tor 
controlling the velocity of the ammonia gas escaping from th 
cylinder, a fused quartz tube contained in the electric furnace, @ 
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ouple for the regulation of the furnace temperature, a 


ry manometer on which the pressures above atmospheric 


read, and a mercury column for maintaining the pressure 
the tube constant. The other apparatus shown in the 
n serves in preventing the escape of ammonia into the 
sphere and in observing the rate of flow of the gases through 


pparatus. 
Nitration of the Samples 


\fter the temperature and the pressure of the ammonia had 
adjusted the samples were introduced into the furnace and 


‘ + Thermoco ple 


Leads 


To the rheostat 


4 
Manometer 


und source of Pump in which 


electrical energy } excess ammonia 
is absorbed in water 


Test tube ot water 
to indicate flow rute of gases 


ig. 1-—-Schematic Diagram of the Apparatus for Pressure Nitriding 


ate continuously for the various lengths of time. They were 
moved after the expiration of the required time and were allowed 

‘ool in a desiccator containing concentrated ammonium hydroxide 
n the bottom. 


Testing of the Samples 


The surface hardness of the specimens was then determined 
vith a Shore scleroscope. Many readings made near the center 
both flat faces of the samples assisted in determining an average 
result and in ascertaining which face gave the most consistent read- 


ngs. The samples then had 0.001 inch ground from the face select- 
on a surface grinder which was so arranged that the new surface 
roduced was always parallel to the opposite face. The hardness 
s new surface was then determined with the scleroscope and 
‘act depth of the first eut determined by measurement with 
ometer calipers. Subsequent procedure was similar except 
e depth of the cuts was increased to about 0.002 inch. This 











numbers were the same as the 





before the treatment. 









the hardness numbers as determined with the 





the specimens were tested as they Came 





with Tripoli powder to remove the 





No differenee in the hardne 





ly the remainder of the specimens were not 





tested for hardness. 








THe Curves 


The curves numbered from Fig. 2 to Fie. 










a case of about 0.027 inch in depth. 










siderable saving in the cost of the treatment. 








the gas. 






Mig. 8 shows the relation between the depth 
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vrinding and hardness testing was continued until t] 


An experiment was also made to determine whether 


small surface scale produced in the nitration 


from the furnace. 


‘SS numbers was observed and 


An examination of these curves will show that when t | 
sure of the gas is increased the time required for the ¢ 


If the pressure he in ‘reaseqd 


to 602 millimeters the steel wil] require treatment 


hours in order to establish this same case depth 


surface hardness in the steel under examination (this may |] 


varies with the time of treatment for any particular pressur 


a, 2 


ie 


hardness humbers of the 


process 


scleroscope. S 


scale and were then teste, 


ace 


polished hefo 


» Show the ch 
hardness with the depth, i. e. they are hardness gradient eury 


( 


for aby 


~ and 5), thus decreasing the time of treatment 50 per cent. 


kind of steel is treated with a pressure of ammonia just sl 


Curve (Fig. 6) shows the way in which the surface hat 





\ 


a ¥ 
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treated at a pressure of 5 millimeters for 100 hours there resy 


under pressure, therefore, results in great saving in time and 


tT 


al 


» wh 


(see curves | 
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‘Stablishms nt 


of a riven Case depth Is reduced. Thus when the specimens wer 
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iy 


*() 
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use of the higher pressure, however. results In a somewhat low: 


" 


rected—see theoretical] discussion). The treatment of these steels 


’ 


Curve (Fig. 2) indicates what mieht be expected when tl 
ohth 
above atmospheric. The 5-millimeter pressure indicated was « 
to the small column of water through which the gas bubbled 
outlet end of the apparatus in order to indicate the rate of {1 


il 


hi 


of the Case pr due 
and the time of treatment for the minimum and for the maximun 


pressures dealt with in these experiments. The depth of tl 


ase 
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rT) 
U 


000 Inches 


Nitrided Specimen Ten 
Atmospheri Pressure 


Depth Curves rr Nitrided Specimens lemperature 875 
Millimeters above Atmospheric Pressure. 


\5 
Depth Yn V 
iness Depth Curves for Nitrided Specimens, Temperature R75 degrees Fahr. 
402 Millimeters above Atmospheric Pressure. 
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was obtained from the gradient curves and is defined as 
at which the material reached a hardness of 32. The ] 


the original material was 31 but the higher value of 32 


\\ 


| 
J 
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} 
_: 
a 
>. 


20 
Depth in “Yiooo Inches 


Fig. 5—-Hardness Depth Curves for Nitrided Specimens. Temperaturs 
Ammonia Pressure 602 Millimeters above Atmospheric Pressure. 





reatment ~ Hour ‘ 


Fig. 6—Relation Between Surface Hardness and Time (Pre 
sure Constant). 


in this case because it is defined much more readily from the curves 
The depth value for all of the pressures intermediate between 
millimeters and 602 millimeters fall between the two curves 
quite a regular fashion. 

The curves numbered from Fig. 9 to 12 show how the hardness 
varies with the time of treatment at the various depths when t! 
pressure is constant and of the magnitude indicated on each 
Samples treated at pressure of 100, 300 and 500 millimeters 


surve 
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ined and exhibited the same tendencies that are shown in 


S presented, 
RESULTS 


neral consideration of the results seems to indicate that 
ise 1n pressure, 

Does not greatly change the time required for reachine 

maximum surface hardness 

Does tend to decrease the hardness at the surface if the 

treatment is continued for longer than about 25 hours 

Does considerably increase the depth of the case 

Does decrease the average hardness gradient 

Does permit the establishment of a high hardness at almost 

any depth depending on the pressure of the gas and the 
me of the treatment. 


THEORETICAL CONSIDERATION OF RESULTS 


he great hardness of the cases produced by the nitration of 
ial steels cannot be explained alone by a consideration of the 
itrides, even though the formation of such nitrides increases 
hardness to a marked degree. Tf the phenomena be examined in 
light of the hardness theory of Jeffries and Archer we might 


iin readily not only the extraordinary hardness produced but 


the conditions which we have observed in the specimens 
edited under pressure for various lengths of time. 


Thus, the change in the hardness produced by the nitration of 


olytic iron might be due to a change in the absolute cohesion 


W.dtion Areas 


OO Oe 


Diagrammatic Drawings Representing the Formation of Key 


Particles 
rent Sizes of Coagulation. 


iron itself or it might be due to the formation of interference 
les Which prevent movement of the grains along the slip 
Krom the nature of the erystals of the nitrides of iron 
Have been observed under the microscope it seems that the 
ness might be best accounted for by considering it largely as 
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an interference phenomena. The heterogeneous and int 
nature of these iron nitride crystals (which are visible 
microscope) are in some respects comparable to interlo 


drites and act as an effective interference medium, not 


their dispersion in the slip planes themselves. but becaus: 


Fig. 8—Relation Between Case Depth and Tims 


network formation. Such needlelike crystals of iron  nitrid 


frequently extend through other grains and in this Way assist ir 


the formation of smaller grains which in itself might account for 
some of the increase in hardness. The order of magnitude of this 
increase in hardness of electrolytic iron may be seen from Table | 
in which is also listed a hyper and a hypoeutectoid steel for co 
parison. 


The carbon steels did not show the great increase in hardness 


\ 


that the iron did, as might be expected from the fact that the ste 


already contained a material in the form of cementite which 


Table I 
Hardness Values 


Brinell Numbers 
Carbon Before After 
Material Per cent nitriding nitriding 
Kleetrolytie Tron 0.05 90 140 
Carbon Steel 0.62 215 23 
Carbon Steel od 278 285 
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‘nterfered with deformation by the formation of network 
res (pearlite, free cementite) in the rrain boundaries. It 
rom this that no great portion of the hardness of these 


feels is due to the formation of the iron nitrides especially 





Relation Between Hardness and Time. Pressure 5 Milli 
Atmospheric Pressure. 


20 30 3=40 50 60 


Time at Trenqtmen 
imme oO ire 


atment~ Hours 


Fig. 10—Relation Between Hardness and Time. 


Pressure 202 
Millimeters above Atmospheric Pressure. 


the 


special steels themselves have earbon contents of the 
udicated previously in the analysis of the steel investigated. 


cessary therefore, to seek an explanation in the effect of the 
tion on the alloying elements. 
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One of the alloying elements contained in almost 
steels intended for nitration is aluminum. Other elem 
sometimes added in order to improve the qualities of the n 


30 40 50 


Time of Treatment ~ Hours 


60 10 


Fig. 11—Relation Between Hardness and Time. 


, Pressure 402 
Millimeters above Atmospheric Pressure. 


2 
a 


co 
aS 


| : i De; tho 00s 
De 10.0 0 : 


pe 


— 
Co 


”“ 
a) 
2 
£ 
> 
Zz 
“ 
“ 
wv 
c 
Ss 
» 
a 
I 


oscope 
sc 
ao 


Fig. 12—Relation Between Hardness and Time. Pressure 
Millimeters above Atmospheric Pressure. 


will constitute the core, or in order to effect in some way the casi 
formed. 

An aluminum nitride Al,N, is well known. It is a crystalline 
material with a melting point of 3900 degrees Fahr. (2150 degrees 
Cent.) |compare platinum, melting point 3190 degrees Fahr. (1/0 
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Table II 


Treatment Time Temp % of N After 
Material Used With (Hours) c~ 53.) Treatment 


Electrolytic Ammonia 42 600—650 6.7 
[ron 
Manganese Ammonia 48 600 8 
(87.6% Mn) 
Ferro-chrome Ammonia 48 650 
038% C 
61.3 % Cr 
Pure Cr Ammonia 48 
Ferro-tungsten Ammonia 48 
84% W 
Ferro-titanium Ammonia 48 
23% Ti 
Ferro-vanadium Ammonia 
49.8% V 
70% Al powder Ammonia 
30% AlsOg 


vrees Cent. Some of this material may be formed in the nitra- 

hn process, however no experiments have confirmed the existence 

fall the nitrides of aluminum in this form. 

In order to examine the properties of alloying materials that 
be of use in the steels intended for nitration, Dr. Fry sub- 


Table III 


Total N N in 
Heat Treatment at Temperatures (° Cent.) given Resi 
400° 500° 600° 700° 800° 900 off due 
500° 600° 700° 800° 900° 1000 
tr 6.64 2.37 tr 0 0 3.88 005 
0.108 1.47 5.47 0.52 1.12 1.10 9. 1.9 
0.289 0.816 0.165 0.358 1.85 1.265* .f 4.1 
0 0 0 tr 0.605 3.06 é 6.8 
tr 0.31 0.34 1.40 0.75 0.06 2.9 0.6 
tr tr 0.656 0.110 0.104 0.045 0.022 9 3.4 
0.12 0.227 0.847 0.16 0.185 0.094 0.021 .65 6.3 
0 0 0 0 0 0 0 0 14.6 


residue determined by analysis. The difference in the percentages of 

untreated samples and the sum of the nitrogen given off plus the nitrogen 
ue is probably due to the lack of homogeneity of the samples under test. 

Was heated to 1100 degrees Cent. The total 


nitrogen given off and the 
residue are determined accordingly. 


number of alloys and mixtures to the nitration treatment 


en examined the properties of the materials in several ways. 
bove table from his works shows the results of his ex- 


Ss 


ents. (See Table II.) From the table it is apparent that the 

s of aluminum are formed when treated with ammonia gas 

a temperature of 2100 degrees Fahr. (1150 degrees Cent.), 
nly one-half hour. 











































































































































































various temperatures. 
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Table II1, shows the results of heating the nitrides « 


a. 2. 


The aluminum nitride showed , 
able decomposition at even the highest temperature, 


the reasons for wide use of aluminum in these steels hy 


parent, viz; 


In order to explain the effect of the aluminum on ¢} 


they can be formed by treatment with am) 
and they are very stable. 


ing of the steels when nitrated it is only necessary to i; 


formation of aluminum nitrides from the aluminum t} 
solid solution in the steel. If the nitrogen is brought into 


and is in fact absorbed by the steel, and so comes into intin 


tact with the aluminum, the formation of 


tluminum is easily explained. 


the stable 


I 


Lat 


thy, 


{ 
ies 


It may in fact be compared to 
reaction between a water soluble chloride and silver nitrate 


the very insoluble silver chloride. The formation of such 


nitrides from the solid solution does not in itself explain t! 
crease in hardness because the particles so formed woul 


minute that they would not effectively act as interference 


particles. 


crease in size either by the formation of more nitride or 
more likely) by the segregation of the nitride particles, then 


may act effectively in the interference of slip.’ 


large nor too small. 


al 


(tnd 


} 
{ 
t 


But if these very minute particles can be caused 


( 
t 


ye 
() 


WW) 
\ 


Llowever. 
fectively interfere with the slip, the particles must be neithe 


If the particles are too small they will fit 


between the slip planes and offer comparatively little interferer 


Thus particles smaller than the dimensions of a unit erystal ot 


surrounding 
properties of the material in any way except in its effee 
absolute cohesion. 


dimensions somewhat 


acting 
acting 


force acting to cause shear along the plane will be changed it 


direction. 


vrains themselves, then they will offer a minimum interference | 





‘The change 


iron might fit 


vreater 





in hardness of certain 


types 


than 


of 


the 


duralumin 


unit 


with 


T 


into the strueture and not ef 


ee 


On 


If, on the other hand these key particles | 










erystal, then forces 


time and 


temperatures is an example of the coagulation phenomena and is, in fact, the 


which the theory of Jeffries and 
showed an increase in hardness upon standing. 

its original 
1057, for a discussion of this theory. 


then 
Vol 


days and 
yineertng, 


decreased 


24, 


Archer 


to nearly 


No. 24, p. 


was first 


formulated 
This hardness reached 
value. 


See 


C 


a maxit 


Quenched samples 


hemical and Meta 





along the planes of slip will be resolved into several 


the slip since the formation of particles of such size would re] 


for 


at angles other than parallel to the slip plane, and so 


rea ) 
est 


es 


But if the size of the particles approach the size of th 
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appearance ot many small particles, and since occasional 
of such great size (even though no slippage occur within 
rticle) would obviously have little effect on the slippage ot 
ole of the material. 
he results of these experiments be considered in the light o! 
ory the various phenomena may be readily explained. In 
co of the nitration of the steel at atmospheric pressure, there 
is. after about 45 hours of treatment, a surface hardness which 
es very little with greater lengths of treatment. Llowever, 
the treatment is continued for 100 hours there is a measurable, 
i} shight decrease in this surtace hardness. This may he Seen 
~» curve. Fig. 9. With inereasing pressure of the eas this 
eogse in the surface hardness is much more apparent and of 
nsiderably greater magnitude. (Figs. 9 to 12) This behavior 
rht be explained by assuming that with increasing gas pressure 
penetration of the nitrogen would be greater and the formation 
ore particles would result. The subsequent coagulation of these 
ticles into effective interference particles, results in the forma- 
of particles of such size as to offer an interference which ts not 
maximum. In other words the interfering particles have be- 
mea little too big for optimum interference. In the treatment 
atmospheric pressure for 45 hours there seems to have been 
formed just sufficient particles of the right size to cause this 
naximum interference. The formation of more particles does go 


) 
( | 


with increasing time of treatment however, even 


rie 


under atmos 
pressure and results in the slight decrease in the hardness 
noted after the 100-hour treatment. 


} 
( 


Increasing the pressure of 
vas then results in accelerating the formation of particles by 
‘reasing the coneentration of the nitrogen to react 
minum, 


lf 


with the 


the amount of aluminum in the solid solution be increased 
the amount of nitride particles formed would be increased, 
when the coagulation process had reached an equilibrium at 
ertain temperature, the key particles produced by this ecoagula- 
would be of greater size and there would result an actual 
ase in the hardness of the material. Indeed this has been 
erved in experiments with an alloy steel which contained 3.25 
nt aluminum and one which contained 2.50 per 


eent alu 
ae After both of these steels had been nitrated 


under the 


‘onditions, the one which contained the 8.28 per cent of alu 
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minum showed an increase in Brinell hardness of 215 w) 


other which contained but 2.50 per cent aluminum showed 


n 
crease of 340. See Fig. 7. These figures represent the form; 
key particles of different sizes by coagulation. The smal] les 
represent the area in which coagulation of the small partic! 
larger particle can occur (constant at constant viscosity, ten 
ture, ete. 


es 


A’’ shows two of such areas with a small amount 
highly dispersed aluminum nitride within the areas. ‘*B’ Ny 
these same areas after coagulation is complete. ‘'C’’ and “)) 
show this same coagulation when there are more of the dis) 
particles of the nitride available within the coagulation area. ‘Thy 
particles resulting in ‘‘D’’ are larger than those in ‘*B.’’ In « 
to arrive at the maximum hardness there should be just suti 
dispersed particles within the area of coagulation to form key p 
ticles slightly larger than the unit crystals of the iron. 


} 


If the amount of aluminum in the alloy is constant and if th: 
coagulation of the nitrides is allowed to take place at the sam 
temperature, and if all of the aluminum is changed to the nitride 
in any given volume of the material, then the size of the coagulated 
particles should approach some constant size—which means that the 
nitrided steel itself should approach some constant value in hard 
ness. That this is true is evident from the hardness gradient curves 
(Figs. 2 to 6)—especially those in which the samples were treated 
under pressure of the gas. All of these curves (which were mad 
on the same kind of steel and therefore should have a uniform 
aluminum content) show a decided tendency to flatten out in the 
neighborhood of a scleroscope hardness of about 73. In some o! 
the specimens this hardness was maintained for considerable depths. 
This hardness might then represent the hardness due to the size ol 
the key particles formed from a definite amount of aluminum 
nitride which has been permitted to coagulate at a definite tempera 
ture (875 degrees Fahr. in this case) until equilibrium is reached. 
The increase above this value in the hardness at the surface might 
readily be explained by the formation of the iron and other nitrides 
in this region. The curves showing the relation between the hard 
ness numbers at various depths and the time of treatment also show 
this convergence to a hardness value near to 73. 

From the results of these experiments, as well as the work of 
others, (which seem to largely confirm the explanation of the hard 
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DISCUSSION 


these allovs which has been offered) we might deduce the 


\n alloy intended for the establishment of a hard surface 


creat depth might contain much more aluminum than an 


ntended for use where a deep case is required, 


Where high surface hardness and deep penetration are to 


‘ained by nitration under pressure the amount of aluminum 


Jd solution in the alloy must be accurately controlled. 


~ 


The inerease in hardness due to the nitration of the alloy 


is due in part to the formation of a network of crystals of 


nitrides and in part to the formation of slip interference 


Jes of aluminum (and other) nitrides. 


BIBLIOGRAPHY 


V. O. HOMERBERG AND I, N. ZAVARINE, ‘‘ Physical Properties of Several 


Chromium and Chromium-Nickel-Aluminum Steels,’’ TRANSACTIONS, 
American Society for Steel Treating, Vol. 138, No. 2 


‘‘Nitralloy and the Nitriding Proecess.’’ Ludlum Steel Company. 


(GuUILLET, ‘*The Nitrogenization of Steels,’’ Comptes Rendus, 184, 
1926 (1927), also Comptes Rendus 183, 933 (1926), also Comptes 
Rendus, 185, 818. 


\. DePries, ‘‘The Application of Nitrogen to the Surface Hardening 


of Special Steels.’’ Ludlum Steel Company. 


The Kruvp Nitrogenizing Plant. Anon. Krupp. Monatsh. 7, 179 (1926). 


Written Discussion: y R. E. Bissell, Thompson 


DISCUSSION 


Products, Ine., 


and, 


consider that Mr. Hobroeck has performed some _ very 


interesting 


iments relative to the relation between the hardness and the depth 


netration as developed by nitrogenizing of ‘‘Nitralloy’’ steel. The 


re 
( 


he 


he presented are of great help to those who are nitrogenizing 


lally. 


re may be some criticism as to the application of the scleroscope 


ermining hardness. It is, however, at least temporarily a very useful 


rument for this purpose. 


| believe Mr. Hobrock should go further in determining some practical 


d and apparatus whereby the benefits of nitrogenizing under con 


} 
iT) 


pressure can be taken advantage of. 


Written Discussion: By J. D. Hoffman, Purdue University, Lafayette, 


of the most important elements at the disposal of the production 
is time. If, as seems quite probable, the use of nitrided steel in 
machinery might increase quite rapidly, any process that could 


the time of nitration would be a distinct advantage to all parties 


ed. 


























































































in 





























al 











( 















> 


I 






































>, 


the 


lurgy 


results. 


into 


means 
research involving hardness determination on 
ness, 

reasons 


with 


di 


urve 


i. 


identical. 


study 


The project 
ot 


process 


I 


Although not sufficiently 


painstaking care 


for 


and execut 


Written 


Pittsburgh. 


The object 
the 


of 
We 


why 


the 


th 
hardn 
reetion 
Fig. | 


\ 


nor 


sho 


D, k 


scleroscope impact 
be 


represented 


radically 


by 


of the 


relation 


show Ss 





as set 


litration 


the 


cr 
ing 


of the 


and hardness gradient 


e 
ess 
mal to 
Ws 


exereised 


work 


Discussion: 


paper 
existing 
for one typical steel. 


the s¢ leroscope. 


scleroscope 
characteristics 

its 
family 


steel 


in this 


be 


forth 
eould 


of the effect of such nitration on the phy sical properties of t} 


\ ersed 


so as Tt 


By G. M. 


is to set 


between 


results 
of 
surface. 
of 


of uniform 





TRANSACTIONS OF 


paper 


in 


throughout 


a 


THE 


A. S. S. 


T. 


was first © 


speeded up, and second, 





meceeived 


to n 


the science of chemist 


the 


rive 


forth 


pressure 


will, however, waive this point and 


demand 


mat 


hypothetical 


har 





Fig. 1 


will 


curve 


hardness 





Hypothetical 


rapidity to a uniform core hardness. 


SC ¢ 


will have the highest 


penetration 


Hardness-Penetrat 


The 


Anyone who has investigated 


at a glanee that 


characteristies 


in\ estigation 


as near as 


the results 
of gas, har 


The hardn 


We might question the use of 


a steel 
focus o1 
careful ana 
erial whose 


hardness 


throug! 


Iness 


on Curve 


har 
the depth of 


surface 


different on the outer skin of all six samples. 
A 


readings will fall oft successively to a lowest reading on eurve I’, 


ot 


have found no absolutely ideal way for measuring hardness. 


the scleroscope re¢g 


hardness 


to comment on this part of the work, I am pleased to 


in mi 


possi! 





Katon, Moly bdenum Co Pp. 


of an 
dness, 
ess wa 
the s 
of wi 
1 the 


} 


ly sis \ ( 


hardness 


enetrat 


lout, WW 





and F show hardness gradients dropping down with 


dness of all 


the effect 


The 


reading 


nitrided 
We 





DISCUSSION 


pendulum with the sapphire or diamond ball capable of the 


of technical accuracy and we consider the Vickers hardness 
most practical existing machine. 

shows in dotted lines a replot of hardness penetration curves 

r with various gas pressures and approximately 50 hours of 


f treatment. The paper does not state whether each eurve 
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Hardness-Penetration Curves of Nitrided Steel 


an average characteristic derived from several samples. This 
important point as we have found discrepancies between hardness 
ion characteristics (of specimens taken from a single bar and 
to supposedly identical treatments) greater than the discrepancies 
in the four dotted curves in Fig. 2. 
shows an actual condition of this description where a 25-hour 
nt was applied at 1000 degrees Fahr. and with about 5 millimeters 
ure and we know of no reason for the spread of the curves. We 
ced to conelude that there exist in the nitriding treatment variables 
re at present entirely unrecognized. If this is a correct belief, 
dently necessary that any conelusions be based upon foundations 
ough to represent average conditions. 
have added to Fig. 2 a curve showing the Brinell hardness 
on as determined on a single sample by the Vickers hardness 
rhe analysis of the steel is the same as that referred to in the 
nd the sample was nitrided for 50 hours at 1000 degrees Fahr. 
not prepared to defend the precise accuracy of these Vickers 
ss values. It is, however, quite clear that the hardness at all points 
rve above the core is somewhat higher than the Vickers readings 
This is due to the fact that the Vickers machine must always 
ttle low on a surface which is backed up by softer material. The 


from Vickers to Brinell we neither guarantee nor condemn. 
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This translation was made by use of the Vickers conversion ¢: 
is no attempt in the figure to harmonize the seale of the sel 
the Vickers (that is Brinell) readings. The two seales are sg] 
figure. ‘rom the scleroscope Brinell conversion table circulat 


Crucible Electric Steel Corp. the highest reading shown in the 


0.005 
Inches 


> 


Fig. 3—Hardness-Penetration Curves 
of Nitrided Steels. 
correspond to about 730 Brirell. From the conversion table ot 
A. 8S. 8S. T. HANDBOOK this reading would be 712 Brinell. The Vickers m 


showed 1210 Brinell at a point 0.0025 below the surface. All readir 


closer than this to the outer skin were so badly spalled, due to the britt 


of the material, that the impressions could not be measured. This 
rise to a very important question in connection with nitriding usi 
pressures above atmospheric, namely, ‘‘Is the material near the 


utterly brittle, or does it verge toward a slight measure of duet 


Hardness-Penetration Curves of Nitrided Steel 
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. machine offers the only practical method we have found for 


is question. Those of us who have struggled with wear 








lems are pretty thoroughly united in the belief that wea 
- some composite function of hardness and ductility. 


further to the actual hardness gradient as compared to the 





ealed bv the scleroscope, it seems logical to beheve that the 





hardness gradient, the greater will be the discrepancy between 


scope reading and the actual surface hardness. This means that 







lients covered in the paper had been determined by the Vickers 
ese gradients would have been steeper. Furthermore the curves 


steep gradients in the paper would be steepened up to a greater 






those showing a flatter gradient. There is, therefore, better 


an appears in the paper for believing that certain of the listed 






esults are real. Discussing these tabulated results in more 





can accept the first item because the steepness of hardness 





‘s such that we have no confidence that the surface hardness 





chown for the short time treatments is within several hundred points 


¢ the actual hardness. We have secured Vickers hardness on the 





eirface of 1000 Brinell in 5 hours. It is entirely possible that under 





maximum hardness is achieved very quickly and that this then 


- off with time, following even in the earliest stages the result referred 





This second result we think may be true though we consider 





shown in the curves of the paper to be narrower than the 


ns of the scleroscope. With the steepening of the upper ends of 






9 + time curves, Which we expect to find by Vickers measurements, 
to believe that this item is justified. 


appears to be fairly well demonstrated, although there are 





+ 


tstanding exceptions to the law, in the curves shown in the paper. 





ple, Fig. 4 shows an almost identical case with 202 millimeter 





cas pressure and 93 hours treatment as compared with the case produced 


millimeters gas pressure and 95 hours treatment. Item 4 seems 







s to be more nearly proven than any of the other results. We presume 


that the limitation of depth within the general limits for nitrided 






s is intended. We consider the study of the effect of gas pressure 
d products to be quite important. We suggest that in future 


s subject there are very simple ways for doing the preliminary 


ch enable the investigator to narrow down the range of his 






vations rapidly and at comparatively low cost. For example, we 









taper grinding through the ease of the specimen instead of 

> off the entire case between readings as was carried out by the 

the paper. This is quicker, cheaper, and preserves a permanent 

all hardness measurements as well as furnishing the opportunity 
ug these measurements, if desired. 

llowing method was developed at Mellon Institute in Pittsburgh 

H. Young and Dr. A. W. Coffman, with whom the Molybdenum 


\merica are associated in research on the nitriding of steel. 






steel is nitrided in ammonia gas, a change of weight takes place. 
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function of pressure, it would be quite logical 








etration and then dropping down to practically 








and hydrogen from the ammonia gas, as a function of temperat 


pressure constant at a point above atmospheric pr 


a gas occurs 


degrees Cent., which we have seen is the point of maximum e¢ 


S. 8. T: 


indication o 
of nitrogen absorbed by the steel. There are sufficient appal 
from this to take it out of the class of absolute natura] 
essential to check all vital points of hardness, microscopic 


Fig. 5, Curve A, shows rate of change in the dissociatio; 
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essure by thy 


essary to carry the effluent gas out through the bubbler. This 





Fig. 5-—Rate of Change of Am 
monia Dissociation—Curve A, Gain 
in Weight During Nitriding 


that the maximum rate of dissociation in a pyrex tube and with 
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pressure cycle, starting with a high pressure to secure quick a 
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steel because in a pyrex tube containing only the ammonia gas, 


al 
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temperature and as determined by the increase in the wei 


nitriding temperatures. The steel apparently has a catalytic acti 


the effect of pressure of gas seems to us to be a logical first move. 
samples from these nitriding runs should then be examined for 
penetration, ductility, structure, ete. If the findings of the paper 


out and it is demonstrated clearly that surface hardness is son 


cure the maximum surface hardness. Evidently there is room fo! 


atmospheric press 


Fig. 5, Curve B, shows the nitrogen absorption of steel as a fu 
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specimen, The maximum rate of absorption of nitrogen occurs 
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The work of the author is ot suflicient 






importanee to Warrant 






nvestigation. There are certain points in the 






present paper to 









| should like to eall attention. 





amount of combined nitrogen and the depth of the ease produced 


endent on (1) temperature, (2) time of exposure and 






(3) the extent 






dissociation of the ammonia. The last variable 





is controlled by thre 






tion of flow of the ammonia gas and varies inversely as the pressure. 


are given which might indicate that the dissociation of the 






ammonia 







bserved. Bubbling the exit gas through water will not 





serve as an 









r since the water will soon become saturated 








with ammonia and 
sulting bubbles may contain varying proportions of 







undissociated 









nitrogen and hydrogen. I should suggest that the author conduet 


experiments keeping the dissociation constant and 










allowing the 







ge in pressure to be the only variable, 








\ question arises as to the character 





of the scleroscope impression. 








hipping of the case will give a low reading. I have obtained an 















nt Srinell hardness of 1000 on the surface as determined with 


Herbert pendulum. The nitriding temperature was S75 






degrees Fahr.,, 





ir) 





e as used by the author, and the dissociation was 






constant at 30 
Several determinations on the same specimen by the 






Vickers 










ess tester gave a constant reading of 960 Brinell. 





Obviously, such 
gh reading corresponds to a greater hardness than 90 to 100 
pe that the author will examine the scleroseope im] 


termine w hether or 








scleroscope., 








ressions in order 






not chipping took place in his tests. Also, | 
iat a microscopic study will be made to detect any 
structure of the 
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case with changes in pressure, 







\t the present time, ] am of the opinion that the great hardnesss 








able in this process is due to the formation of complex nitrides 









are in dispersion corresponding possibly to ‘* critical dispersion ’’ 






netion of the aluminum is very much as stated. 






A steel containing 







‘ element along with chromium will maintain great surface hardness at 







a mperatures, 





‘he author speaks of the ammonia treatment as a ‘‘nitration’? 






process, 






s have appended terms such as **nitrogenizing’?’ 


and ‘‘nitrodizing’ 
always used the 






term **nitriding’’ as the correct one, since it indi 








Ss that nitrides are formed in the operation. 
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Nitriding the surface layer of steels is a very old but quite interest 
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in order to explain 
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urves, a 


ng method 


My experiments have shown that Dr. Hodgkin 


acetylene and benzine, is a hydrocarbon gas. 
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now customary should be used. 


even 


| be at all 


very small quantities of 
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by this proce 
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— 
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September 19 
be mentioned 
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ritectoid 
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used, 


you are was 


higher, 
troublesome. 


benzi 


A. 


conducted 
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Within the range now being used for nitriding, namely under ¢ 
, that 


ss will 


many 
ogen § 


th 


ives 


in his 
Zo. On 
that 


double 


transformation 


hat th 


O50 must be considered as the eutectoid transformation. 


given in the diagram are only approximately correct due to tl 


ms 


Richard Hodgkinson, British Patent 19,493 1906, 
completely with hardening the surface of steels by nitrogen 
ammonia gas or compound yielding ammonia gas and uses acet 

ive gas. Also as much carbon as it is physically possibk 

1 is very little at low temperatures. Hodgkinson states 
can be case hardened so that the surface is more than file hard ev 

temperatures as J00 degrees Cent. He also claims for }; 


the now well-known fact that at temperatures from 300 degrees | 


not wat D, 


be I 


years 


hould 


e 


be he 


eutectoid 1 


As a matter of fact the eutectoid point is son 
is interesting to note here that Fy 
the peritectoidal 


article 


appe 
page 147 
in an earlier 


irregularity 
as 
e transtormat 
The COnCeHTI 
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The lowering of the eutectoid point by nitrogen impregnation wa 
known prior to 1921, 


process patented in 1906, now expired, and not patented in the Unite 


gases, 


DSO. de 


OCeSS 


Qy 
that I have been able to find, is more efficient than the later Fry pi 
which, in some measure, deals with nascent nitrogen derived from am 
gas. The use of benzine gas with ammonia, which is now one of 
principal methods employed for nitrogen surface hardening of ste 
very similar to the Hodgkinson method. Each of these 


Hodgkinson says that if yo 


teful of ammonia gas 
In this 


vice versa, and gives a proportion that works out very well. 


there 
When 


ne 


chamber into its components hydrogen and nitrogen. 


in the process of nitrogen 


which 
yurposes may be disregarded, the ammonia gas breaks up in the heat 
| | . > » 


name 
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Ho 


Lila 


If the temperatures are held below 
somewhat 


will be no « 


using ammonia gas 


pra 


for all 


Both of thes 


kinson is right and if benzine is to be employed larger quantities thar 


impregnation of 


The ordinary process of case carbu 
using hyrdocarbon gases is well understood and there will be no disput 


+5 


[ think when I state the following fact; the surface layer of the steel 
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ted with carbon and is decarbonized by the hydrogen so that a 


process is going on all the time. There is, however, greater 


n than decarbonization, hence the surface of the steel can be 


A similar eyele takes place when ammonia gas is employed, 


nitrogen liberated from the ammonia 


nt combines with the alloy 


Che theory surrounding such combination is not important here. 


ent hydrogen does not immediately combine with the free nascent 
from which it was separated, but combines with the nitrogen in 
? 


in the surface of the steel being treated and denitrides the 


laver of the steel. This process is not 100 per cent reversible 


same given time, henee nitrogen does remain in the steel. The 
aver will lose more of its nitrogen than the layer just under the 
Hence where ammonia is used for nitriding the characteristic soft 
iver is present, and this soft 


layer is of greater magnitude than is 
appreciated because of the inadequate methods we have 


r this extremely thin and underlying hard layer. Nitriding 


for 


by 
a gas under pressure is speedier than the same operation carried 
substantially atmospheric pressure. The nitrogen penetrates quicker 
| the hydrogen denitrides quicker. However, in the same given time 
pressure system will result in a greater residual nitrogen content 
when the pressure System is not used. 

[| have been actively conducting a series of experiments for a con 
ble time. The results of these experiments I do not feel at liberty 
However, I have definitely proved 


satisfaction at least, that a catulyzer is 


disclose in their entirety at this time. 


a necessary factor in the 
essful surface impregnation of steels by nitrogen using ammonia gas, 
at the hydrogen must be employed for other 


purposes than taking 
nitrogen 


> 
content in the surface layers of the alloy steel being 
This is readily accomplished by having available 


a greater affinity for hydrogen than 


a substance that 


s hydrogen has for nitrogen, By 


ocess I have been able to eut down the time for nitriding by more 


00 per cent over the methods generally employed. 


Temperature is 
Important faetor except that 


if low temperatures are employed, 
is below the euteetoid point, the alloy steel does not 


warp or twist. 
Ss was well disclosed by 


Hodgkinson and | suppose it will be conceded 
many years before Hodgkinson it was generally known that tempering 
ratures, that is under 500 degrees Cent., do not have 


a tendency to 
ally warp or twist a steel or 


ferrous article which is not under strain 


some previous process. One of the principal advantages alloys 


S that they will form very stable nitrogen compounds retaining the 


sen in solution in the ferrous product and making denitriding by 


gen somewhat more difficult. The 


re IS 


use of alloys for strengthening 
not dependent upon any nitrogen treatment and was extremely 
nown to the art manv years ago, 


SERGESON: I would like to ask if 


anyone has done any of this high 
iture nitriding, that is 


, at 1000, and under this high pressure, around 
meters. We have found that the results that Mr. Hobrock has ob 
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THE A. S. 


have 


a greater depth of ease 


Be Ee 


tained we could obtain with about 1000 degrees temperature 
at 


eases that were greater than 0.035. | 


never 


than 


St 


would like to know if 


t } 


t 


any 


that 


the hardness in probably more on a straight line rather than to 4 


sharply. 


is below the critical and would not cause any grain refinement. 


you heat treat this material you get 


state than you do in the as-rolled state. 


A. C, 


JONES: 


Someone has raised the point 


about 


alumina and aluminum in some of these nitrided steels. | 


the question of 


Homerberg, what 


the nature of 


someone 


who might be 


influenee an 


eCXCess 


nitriding, and the hardness of the ease. 


DR, V. O. 


whether or 


material is to 


you were not able to see it under the microscope. 


examine 


HOMERBERG: 


microscopically. 


as a lot of the specimens that 


anything about the influence of the aluminum oxide on the characte: 


nitrided case. 

Dr. O. E. 
know if he 
this soft 


formed on 


of that 
> Be 
all. 


A. B. KinzeLt: The matter of the use of the scleroscope in the deter! 
tion of these curves has been mentioned by 


outer 
the 


character. 


zone, 


HOBROCK: 


HARDER: 


In certain work which we have done, there seems t 


outside brittle, 


1 am justified in stating that 


| have 


able 


amount 


looked 
oxide, and since the specimens after heat treatment give such very, 
values for impact, that 


needle like 


porous, and | am wondering if this soft outer zone which he has obs 


this paper, but it cannot be overemphasized. 


the hardness figures, and the hardness figures are determined by the scl 
a method which in the past has proved unreliable for quantitative work 
that the least the author should do is to include in this paper a just 
method. 


of that 
The 


nitrided 


author 


also 


specimens. 


draws 


In 


certain 


my experience, it 


conclusions 


to 


at 


not 


the nitrided ease, on the operation of 


The only means that 


structure 


have made no examination of 


several of 


from 


tell 


of alumina 


show 


us, 


nitriding, t] 


in 


the 


a better penetration in th: 


1) 
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would 


know 
not there is any appreciable amount of aluminum oxic 
it 


very 


little 


IL think 
of that aluminum is present, possibly, in solid solution. | 


which 


that 


the members dis 


the 


microst? 


do 


1S 


soft 


of 
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All the conelusions : 


structure in the microscope, without first reheating the specimens 








| would also like to ask if Mr. Hobrock’s samples were | 


That is, he states there they were annealed at 1000 degrees, whi 


perhaps 
the 


Sti 


In a previous disecussio) 
stated that the aluminum oxide might be present in such small part 


I think, howevs r. 


pra 
hot 
thing about its influence under those conditions, and, therefore, T do 


In the ease of Mr. Hobrock’s paper, I would 


has made any determinations with reference to the chara 


outel 


possible To see 


Fry calls the peritectoid temperature, and from the microstructures 
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| take it he did the same thing. Just what conclusions one 

to the condition of the material before heating by examination 

=; been heated is rather difficult to say. I do not believe that such 
s particularly sound. 

gard to the veneral theory of the hardness of the case, the author 

it is probably another ease of the precipitation of particles, and, 

Dr. Homerberg, | agree with him that this is a big part of the 

t. due to a number of anomalous conditions, particularly the fact 

eannot reproduce this hardness by reheating to just above the 

d temperature and requenching, and drawing there is probably 


the mechanism than the simple matter of precipitation of particles. 


Author’s Reply to Discussion 


ring Mr. Eaton’s questions, | do not know the grain size. This was 


nary sort of experiment. The grain size was not determined. I used 

roscope because that was the best of only three instruments that were 
at Purdue, the Brinell hardness machine, the Roekwell machine, and 
oscope, so | necessarily selected the scleroseope. 

other question by Mr. Eaton was about the curves, that is, whether or 


ey were average curves. They are not the result of a tremendous num 
determinations. Some of the curves at the shorter periods I made from 
determination. The long-time curves were checked: a maximum of 


imples to check those long-time curves and a minimum of three. The 


rial that I used was all from one bar of steel. 
ow, in regard to the great variations that Mr. Eaton found in some of 
eriments, let me just suggest this, a thing that I thought about at the 
that 1 thought of this morning, and that I want to bring before you. 
is, we do not know by chemical analysis whether the percentage of 
ninum that we measure in the steel is metallic aluminum or whether it is 
s an oxide, and from theoretical considerations it seems to me that 
s very important. It seems to me that when we really get into this 
num steel business, we will have to know exactly how much metallic 
num is there. I should like sometime to do experiments with these alloys 
the vacuum furnace to avoid oxidation of the aluminum. This was a 
cial ailoy, and, as deseribed in a paper this morning, a lot of them 
of course, in the atmosphere, with a protecting slag, so we get 


( 
= 
t) 


oxide formed, some of which is included in the metal. Now, we may 


en be able to see that aluminum oxide under the microscope, it may be 


; 
i 


such high dispersion that we cannot see it, and yet it may still greatly 
he properties of the metal. I want to mention that in connection with 
rst paper we had this morning by Mr. Breeler, 1 think. 

\nswering Dr. Homerberg, I did examine the impressions made by the 


scope and found no chipping. 


iy 


Homerberg also objected to the use of the test tube of water as a 
gh indication of the rate of flow of the gases on the ground that the water 


absorb some of the gas. Of course the water does absorb some of the 
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gas when the water is freshly added, but it soon becomes saturat 
then be used as a flow indicator in a satisfactory way. 

I made no examination of the exhaust gas to determine the y. 
decomposition of the ammonia. I do not think that the pereentag 
position at the exhaust means much. 






The decomposition hardly 


presence of iron 
k‘urthermore, I think that the reaction between the aluminum and 
requires active or nascent nitrogen since nitrogen in the molec 
I think then that the reaction resulting 


position of the ammonia and in the formation of the aluminum-nit: 


decomposition of the gas would then depend on the rate of flow o 
the amount of metallic surface available for the adsorption and the 
-temperature and pressure remaining the same. 


nothing is gained by having a large percentage of nitrogen and hyd 


on the retort containing the material to be treated 








keep the ammonia gas from contact on the surface. 











hardness tester. 
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any means, 
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are too large. 





Mr. Eaton has considered the use of the scleroscope in detail in his 
and has compared it with other types of hardness testers especially 
He concludes that my results might be even more marked had I used 
Of course this is no place to discuss hardness, 
| do not proposed to do so. IL appreciate the traditional unreliability 
I have found that when care is taken in keeping th: 
clean, level and so forth, and when it is used in the examination of substar 
that do not have large erystals or heterogeneous surfaces, when the surfaces a! 
clean and quite smooth—then I have had no difficulty and have been abl 
reproduce results. After all there is something to be said for 
tester to be used in this kind of work that does not penetrate the surfac 
than the scleroscope does. 
the use of the Vickers- 


On the other hand there may be great advantag 
the matter of hardness testing has not been solved 
As I mentioned a while ago, I used the scleroscope because it was 
the best that I had available and because I could get reproducable results. 
do not pretend that the theory concerning the hardness of these alloys is entir 
| propose it as a foundation upon which to build further research 
it may be entirely wrong—but it seems to explain a good part of the observed 


phenomena. Mr. Kinzel objects on the ground that the hardness cannot b 


perieutectoid 


quire the formation of a solid solution with the aluminum nitride as 0! 
I do not think this is possible. 


in softening of the case because of the formation of interference particles 


in places where a sn 
of gas is in contact with a very great surface of the alloy. 


matter of 
condition might even be detrimental in that it (especially the hydrog: 


quenching. 
examination of the theoretical portion of my paper, which I did not have 


to read, will show that one would not expect this to be possible 


Heating to the perieutectoid result 


DEOXIDATION OF STEEL WITH SILICON 
By C. H. Hertry, Jr. ano G. R. FIrrerer 


Abstract 


This paper presents an outline of the function of 
con in the basic open-hearth process, and the results 
‘an investigation on the mechanism of deoxidation of 


eteel with silicon. The formation and elimination of 


‘licates is briefly discussed. 

As a result of the experimental work described in 
this paper it may be concluded that the mechanism of 
leoridation with silicon is first, the formation of silica 
hy the reversible reaction of silicon with FeO and sec- 
ond, a fluxing of more FeO by the silica, forming a 
‘errous silicate inclusion. Complete deoxidation of steel 
is impossible unless the oxide formed is absolutely n- 
fusible and insoluble at steel-making temperatures. It 
may be also concluded that silicates high in tron or man- 
ganese will be more readily eliminated from the bath 
than high silica particles, due to their lower melting 
point, with consequent increased rate of coalescence. 


FUNCTION OF SILICON IN THE Basic OpEN-HEARTH PROCESS 


Silicon m the Charge 


YILICON is introduced into the basic open-hearth furnace under 

two conditions: first, in the charge, and second, as a deoxi- 
lizer at the end of the heat. Most of the silicon in the charge en- 
ters through the medium of the hot metal or cold pig iron. The 
silicon serves three important purposes during the first part of an 
open-hearth heat, as follows: 


l. 


Its oxidation by means of iron oxide in the open-hearth 
lag is attended by a large evolution of heat and the temperature 


Oy T 


the bath is raised considerably by this oxidation. The temper- 


] 
~ 
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ature of the hot metal added to the furnace 


IS usually ab 2350 
to 2400 degrees Fahr. (1288-1324 


degrees Cent.). The o 
of the silicon from the charge will raise the 


temperature of 4 
bath about 100 to 150 deerees Kahr. 


(38-65 degrees Cent. 


hot metal contains 1 per cent silicon. This rise in temper: 


very important in that it speeds up the melting of 


the Scrap in t] 

furnace and helps to shape up the slag more rapidly than 

heat requirement were met entirely from the fuel. 
~. The second function of silicon is to form 


a fusible 
with the lime charged and with the other oxides suc 


Slag 
‘+h as manganese 
and iron oxide formed or added during the process. If the sil 


SILICON 
in the charge is too low the slags will be viscous throughout the 
heat, unless excessive amounts of other fluxing agents such is ff 


as Ti 
orspar or iron oxide are added. If the silicon in the iron is too 


high there is considerable danger of very thin slag being 


formed 
and persisting throughout the heat. 


l‘urthermore, excessive ero 
sion of the furnace lining will take place as the slag will be siliee 
and very fluid, and will react rapidly on the dolomite banks 


bottom of the furnace. The proper silicon content of the charee 


iS 


and 
will vary for different practices, depending on (a) the type of steel 
being made—that is, low carbon or high earbon; (b) the amount 
of limestone charged: and (c) the amount of manganese in th: 
charge. 

3. The third function of silicon is to deoxidize to a certain 
extent the slag formed during the melting of the serap. If the 
silicon eontent of the iron is too low, excessive oxidation of the 
slag is likely to persist throughout the heat; and if the silicon 
content is too high, the slag may be so thoroughly deoxidized that 
it will be difficult to dissolve the lime without large additions of 
iron ore or spar. 


ELIMINATION OF SILICON FROM Pia Iron 





The elimination of silicon during the early period of an open 
hearth heat is usually very rapid. The only condition to be ful- 
filled for this rapid elimination is that there be iron oxide present 
for the oxidation of the silicon. If the amount of iron oxide formed 
during the melting of the scrap is small enough so that the silicon 
in the charge reduces it to a low value before all of the silicon has 
been eliminated, the silicon elimination will necessarily be slow. 
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er hand, if there is a large amount of iron oxide present 
hot metal is added, silicon elimination will be extremely 
| there will be only traces of silicon left in the bath long 
e whole charge is melted. 

1 shows the elimination of silicon' in two heats—A and 
this figure the per cent silicon in the metal and the per 


n oxide in the slag are plotted against time. In heat A, 





t steel 


nount 2 40 50 60 
After Hot Metal Additions ~ Min 


Elimination of Silicon in Basie Open-Hearth Practice 


vy serap only was charged and the amount of iron oxide in 
he first slag was fairly low; likewise the total amount of slag 
f the | formed at this time was low. In heat L, ore was charged with 
silicon the serap and the iron oxide content of the slag was high when 
the hot metal was added. In these two heats we have the two ex- 
remes of silicon elimination—heat A showing slow elimination be- 
use the slag was low in iron oxide, and heat L showing a rapid 
limination due to the high iron oxide content of the slag. 


SILICON ADDED AS A DEOXIDIZER 
open 


e ful in discussing silicon additions at the end of an open-hearth 


resent ' heat it is necessary to define two types of steel: (1) rimmed steel, 
yrrmed where no silicon is added as a final addition; and (2) killed steel, 
silicon where silicon is almost always added. 

yn has 


J. L., and Herty, C. H., Jr., “Elimination of Metalloids in the Basi Open-Hearth 
slow , sactions, American Institute of Mining and Metallurgical Engineers, Vol. 73 
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In order to avoid confusion in differentiating betwe. 
types of inelusions the following nomenclature has been 
Ferrous silicate—Inelusions containing iron oxide ls 
in any proportions. | 
Manganous silicate—Inelusions containing manganese oxi, 
and silica in any proportions. | 
Iron-manganese silwate—Inclusions containing iron oxiq, 
manganese oxide, and silica in any proportions. 


Fayalite—Ferrous ortho-silicate of the composition 2FeQ Sin 


Rimmed Steel 






In making rimmed steels it is sometimes customary to rel 

heats with silicon pig, a pig iron containing either 10 or 15 per cent 
silicon. It is generally considered that after a silicon pig rely 

the metal will be lower in iron oxide than before the reboil. It js 
certainly true that when the silicon is added to the bath a certain 
amount of deoxidation takes place, but it is also equally true that in 
order to have a reboil oceur—that is to say, for carbon elimination 


to recommence—iron Oxide must diffuse from the slag into the 








metal in order to eliminate the carbon. It is entirely possible that 
oxides suspended in the metal before the silicon addition may be 
fluxed out of the metal by the fine mass of silica formed on the 
addition, and that the increased temperature resulting from th: 
elimination of the added silicon may be sufficient to melt oxides 
which were infusible at the temperature of the bath before the 
silicon addition. Regardless of the final results, it is certainl) 









true that when silicon is added for reboiling, ferrous silicates are 
formed in the bath and these must be eliminated if clean steel is t 
be made. The silicates so formed float out of the bath either as 
high silica or high iron ferrous silicates, the type of particle de- 


pending on the amount of iron oxide present to flux with the silica 
formed. 


Killed Steel 








In making killed steels, silicon may be added in two ways: 
first, the heat may be killed in the furnace with silicon and an 
extra addition of silicon made in the ladle; or, the heat may be 
killed in the ladle alone. In killing the heat in the furnace, enough 
silicon is added to quiet the bath and then at a time usually de- 

















L Certalr 
‘ that in 
ninatior 
into th 
ble that 
may be 
on the 
rom. the 
| Oxides 
ore the 
ertain|) 
ites are 
el is t 
ther as 
icle de- 


le silica 


ways: 
ind an 
nay be 
enough 


lly de- 


DEOXIDATION WITH SILICON 


by the melter, the heat is tapped with the bath still dead 

extra silicon is added in the ladle to complete deoxidation 

s desired. Silicon is added to the furnace Whenever the 

of recarburizing with pig iron is earried out. In this 

if a high carbon steel is to be made it is very often the 

istom to take the heat down to a low earbon. and then add suffi- 

ent hot metal to bring the carbon to the desired specification. In 

s pig iron there is of course a certain amount of silicon, and the 

‘may or may not be killed at the time of the hot-metal addi- 

This depends upon the amount of silicon in the iron, the 

mount of iron added, and the iron oxide content of the steel at 

the time of the addition. It may be pointed out here that the iron 

oxide content of the metal depends primarily upon the earbon 

ontent and the temperature. In making some high earbon steels 

he bath may be reboiled with silicon pig. The same considera- 

tions hold here as in reboiling rimming steels. except that the 

rous silicates formed will always be high in silica, due to the 
ron oxide content of high carbon steels. 


fer- 
low 


in killing the steel in the ladle, enough 00-per cent ferrosilicon 


is added to ensure that the steel comes within the silicon specifi- 
cations. In order to meet specifications it is necessary to add more 
silicon than specifications eall for, 


} 


inasmuch as a certain amount 
silicon is lost through reaction with the iron oxide 


dissolved 
n the 


metal, and with iron oxide which diffuses into the metal fr 
the ladle slag. The higher the carbon at which the heat is tapped 
the less silicon wiil be lost on the addition. At the same time that 


e silicon is added in the ladle. ferromanganese is also added, and 
in this case mang; 


anous silicates or iron-manganese silicates will be 


om 


+ 
' 


formed. 


These depend upon the amounts of the ferrosilicon and 
terromanganese additions and on the amount of 


iron oxide present 
in the metal at the time of the addition. The elimination of these 
silicates from the steel is primarily a function of their fusibility. 


In general, the more fusible the silicate the more rapidly the par- 


cles will coalesce, and the larger the particle the faster it wil] 
‘to the top of the metal and be absorbed by the slag. 
In general then. 


we may have three types of silicates formed 
most steels: 


(1) ferrous silicates and iron-manganese silicates 
ut rimming steels; (2) manganous silicates in killed steels: and 


anese silicates in killed or semi-killed steels. A fourth 


) 


d iron-mang 
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type of silicate, a particle very high in silica, is that 
the charge in the pig iron or the scrap and is not elimi) 
ing the heat. That this type of silicate is present is a 

















experimental fact? and must be considered in determ 

clean the steel will be under any conditions. However 
paper, which deals primarily with deoxidation with silicon. }+ 
not be referred to again. 


EXPERIMENTAL PROCEDURE 







In order to obtain data on deoxidation with silicon, it was 


thought best to work with low carbon steel where the amount 0: 
iron oxide present in the steel could be determined with aceura 
and where, by varying the amount of silicon added, different t 


LV De 
2! 


VK y 
Were 


of ferrous silicates would be formed. Accordingly, heats 
made in an electric melting furnace in which 250 to 300 pounds 
of boiler punchings, plus a small amount of coke, were melted dow; 
and the melt ‘‘ored down’’ to 0.03 to 0.05 per cent carbon. Slao 
was formed by adding lime and iron oxide during melting, and t! 
finishing slags were more or less typical of low carbon basic o 
hearth steel slags, except that the manganese content of the sla 


was low. An average analysis of the finishing slag was 









Constituent Per Cent Constituent Per Cent 
SiO, 9.0 MnO 3.0 






P.O, 0.8 CaO 12.0 
FeO 27.5 MgO +.0 


Fe,O 11.0 Total 8 0.48 























When the heat was ready to be tapped, 20 to 25-pound ladles 0! 
the metal were poured and varying amounts of 50-per cent ferr 

silicon were added to the ladles. As soon as possible after the ad 
dition, the metal was poured into 31-inch ingot molds and t! 

action in the mold was earefully watched. One ingot was poured 
with no silicon added in the ladle, and from this ingot the amount 
of iron oxide dissolved in the metal was obtained by analysis } 
the Ledebur method—that is, reduction with hydrogen. The ingots 
were split longitudinally and sections were taken out at various 
points for the determination of ferrous silicates and for microscop! 


examination. The determination of silicates was carried out by 











tHerty, C. H., Jr., and Gaines, J. M., Jr., “‘Unreduced Oxides in Pig Iro! 
Effect on Open-Hearth Steel.’ (Manuscript report.) 
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| method. ‘This consists of solution of the steel in cold 
nt nitrie acid, with a treatment of the residues obtained 
ite hydrochloric acid for the solution of iron salts, and 
with caustic to remove the silicic acid formed from the 
ition silicon in the steel. Sections of all ingots were milled 
ilyzed for iron oxide by the Ledebur method. 


EXPERIMENTAL RESULTS 
Type of Inclusions Formed 


2 and Table I show the types of inclusions formed on 
rious additions of silicon, analysis of the steels, and approxi- 
analysis of the inclusions. 


Table I 
Results of Deoxidation on Four Ingots 


Approximate 
Analysis of Steel Analysis of 
FeO expressed of Inclusion, 
Per Cent Total Si, as Oxygen, Per Cent 
Si added C, Per Cent Per Cent* Per Cent FeO SiO. 
None 0.046 0.004 0.075 100 0 
0.027 0.048 0.005 0.052 90 10 
0.132 0.069 0.050 0.021 35 65 
0.330 0.048 0.212 0.011 5 95 


nechanically lost on all additions, and on ingots 2 and 6 some 
the steel before the metal solidified. The silicon is expressed as 
’ this was present as silica and in the ingots containing high iron 
cannot be differentiated by the Dickenson method. 


ig. 2 shows the iron oxide in ingot No. 1, to which no silicon 


ladles of was added. This metal contained 0.075 per cent oxygen (0.349 per 


ent FeO). Fig. 3 shows a large ferrous silicate particle sur- 
rounded by small spots of iron oxide. The silicon addition lowered 
the oxygen content of the steel from 0.075 to 0.052 and formed 


iron ferrous silicates which, on account of their low melting 


and tl 
s poured gh 
amount point, were very fluid at the steel temperature and coalesced rap- 
alysis by ily, giving large particles of iron silicate. Fig. 4 shows two types 
he ingots of inclusions—first, a large ferrous silicate inclusion with a duplex 
various icture, and second, a glassy inclusion. The steel in which these 
‘lusions were found was in the range between rimming and semi- 
lled steel. The oxygen content of the metal had been lowered to 
<1 per cent and the inclusions analyzed about 65 per cent silica. 


(his average represents both types, and it is probable that the in- 





Figs. 2 and 3—Photomicrographs Showing Inclusions in Ingots 
Numbers 1 and 2 Respectively. XX 300. 


clusion with the duplex structure is somewhat lower in silica and 
the glassy inclusion is somewhat higher in silica than this average. 





DEOXIDATION WITH SILICON 


iusion has been tentatively given the name ‘‘intermediate 

”’ ¢9 distinguish it from either the high iron ferrous silicate 

the glassy type, and is the result of formation of silica with 

uent fluxing of a small amount of FeO from the metal. 

shows the glassy type of ferrous silicate found in dead- 

d steels. The oxygen content of this steel was 0.011 per cent 
the inelusion analyzed approximately 95 per cent silica. 

Thus. as increasing amounts of silicon were added to the metal 

e oxygen content of the metal was steadily decreased, and the 

. of inelusion changed from the very fusible high iron ferrous 


jlieate through a ferrous silicate very high in silica with a defi- 


te duplex structure, to a siliceous inclusion which is very hard 
ind brittle at ordinary rolling temperatures. 


Segregation of Silicates 


Ingots No. 6 and 9 were split longitudinally and samples were 
taken as Shown in the photographs of Fig 6. The amount of sil- 
cates present was determined in each sample and adjacent sam- 
ples used for microsecopie inspection. The killed ingot (No. 9) 
showed a slight segregation at the center, with a maximum at the 
lower section, and the rimmed ingot (No. 6) showed a high seg- 
regation along the central axis and high segregation both at the 
top and bottom of the ingot. The segregation on these two ingots 
is typical of industrial ingots, with particular reference to the 
high segregation at the bottom of the ingot.® 


Mechanism of Deoxidation 


The mechanism of deoxidation with silicon is readily deter- 
mined by a consideration of the types of inclusions found on ingots 
No. 6 and 9, as they are shown in Fig. 7. In the killed ingot all 
of the particles are of the glassy type. In ingot No. 6, on the 
ther hand, the particles at the edge of the ingot are of the glassy 
type and in the center of the ingot they are of the intermediate 
(ype; the latter contains much more iron oxide than the former. 
The time between the silicon addition and the pouring of the 
metal into the mold was approximately 30 seconds, and in this 

‘of ingot 114 to 214 minutes are required for complete solidifi- 


lica and 


average enson, J. H. S., “A Note on the Distribution of Silicates in Steel Ingots.” Journal, 
‘ o . el Institute, Vol. 115, 1926, No. 1, pp. 177-196. 
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Figs. 4 and 5—Photomicrographs Showing Inclusions in Ingots 
Numbers 6 and 9 Respectively. Xx 300. 


cation. The steel at the edge of No. 6 would contain the types of 
inclusions found in the ladle to which the ferrosilicon had been 
added. At the time of the pouring of the steel there were evidently 





ypes of 


d been 
‘idently 


ey] T 
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assy ferrous silicates suspended in the steel. As solidifica- 
oceeded, these glassy particles absorbed iron oxide which was 
| in the steel. The first action of silicon is therefore to 
SiO, by the reaction 


Si + 2FeO Ss SiO, + 2Fe, 


the SiO, thus formed fluxes dissolved FeO out of the steel 

rm a ferrous silicate. 

It should be noted here that the inclusions contained a small 

int of MnO, which was evidently present as dissolved MnO 

the steel before the addition of silicon. 

The fluxing action of silica is of great importance in steel-mak- 
ng, inasmuch as a great deal of deoxidation of steel can take place 
hrough the fluxing out of MnO and FeO by silica. As the fer- 
rous and manganous silicates are insoluble they tend to rise out 
f the steel, and by this double action—that is, fluxing and elimina- 
tion through insolubility—the steel is cleaned. The amount of flux- 
ng which will be done through a given silicon addition largely de- 
pends upon the amount of silica formed, the amount of FeO 
eft unreduced, and the temperature. ‘The silicate particles in 
the steel simply act as a slag phase and equilibrium tends to be 

up between this slag phase and the melt. FeO will be fluxed 
out of the steel into the inelusions until a distribution ratio 
free FeO in the inclusion 
FeO dissolved in the steel 


s satisfied. Were is not for the fact that in ferrous silicates a 


zreat deal of the FeO is combined as fayalite, it would be easy to 
predict the amount of fluxing which could be done by a given silica 


, + ] 
article. 


However, the dissociation of fayalite into silica and FeO 
been quantitatively determined, and until this dissociation 
ustant 1s known, the amount of free FeO in any given ferrous 


has not 


‘ate inclusion must remain an unknown quantity.‘ 


it is evident from the above that complete deoxidation of steel 
y fluxing cannot be accomplished, for as long as there is FeO pres- 
in an inclusion there will be some free FeO present, and since 


is Iree FeO present in the inclusion there will be dissolved 


in the steel. The only condition under which complete re- 


rimental work on the dissociation of 


ferrous silicates is being conducted at 
it the U. S. 


Bureau of Mines Experiment Station, Pittsburgh, Pa 


the 








she 


—— 


Fig. 6—Photograph of Ingots Numbers 6 and 9 Which Were Split _Longitudinally in 
Samples Taken to Determine the Amount of Silicon Present. The Figures Indicate the 
Silicon Content. Ingot Number 9 is Killed Steel and Ingot Number 6 is Rimmed Stee! 
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Se 
INGOT 9 INGOT 6 | 








‘Photograph of Ingots Numb: rs 6 and 9. Same Split Ingots as Shown in Fig. 6, 
Photomicrographs Taken at 


, \reas Corresponding to Those from Which Silicon 
‘tions Were Made. Ingot Number 9 is Killed Steel and Ingot Number 6 is Rimmed 
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duction of iron oxide could take place would be for an a 
infusible and insoluble material to be formed on deoxidati 


EFrect oF SILICATES IN STEEL 





There are innumerable references in the literature to the ef. 


fects of oxides in steel. Consumers are becoming more and more 
strict on specifications as to the cleanliness of steel. In general 
the known and presumed effects of oxides in steel are: (1) they 
decrease the transverse strength; (2) they decrease the impact 
strength; (3) they increase the tendency for fatigue failure: (4 
they increase the tendency for corrosion; (5) they cause surface 
defects in highly finished material; (6) they are contributory 
causes to butt cracks in ingots; and (7) they cause red-shortness 
in rolling under certain conditions. Unquestionably certain types 
of inclusions are more harmful than others, and ‘‘keying”’ by very 
small inclusions may reduce the tendency to slip, thereby increas 
ing the tensile strength and decreasing ductility. The type of in- 












clusion shown in Fig. 3 is almost identical with that found in 
wrought iron and cannot therefore be considered harmful for cer- 
tain classes of work. On the other hand, the type of inclusion 
found in Fig. 5 is a very refractory type which will elongate with 
difficulty on rolling and certainly cause red-shortness if present in 
sufficient quantity. This type of inclusion would also seriously 


affect the impact strength of steel. 


CONDITIONS FOR THE ELIMINATION OF INCLUSIONS IN STEEL 


The rate of elimination of inclusions in steel is affected by 













particle size and specific gravity of the particle, viscosity of the 
steel, and mechanical agitation of the steel bath. The rate of elim 
ination of inclusions due to separation by difference in specilic 
gravity is increased by increasing particle size and by decreasing 
specific gravity of particle. We would thus expect a very light 
inclusion, which coalesced sufficiently to give a very large particle, 
to rise much faster out of the steel than a dense particle of a ma- 
terial which had such a high melting point that the particles would 
not coalesce. There would be, of course, any number of cases in 
between these two extremes. The two important factors are par 


ticle size and specific gravity of the particle. It is obvious that 
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articles will not coalesce to give large particles unless the 


point lower 
e temperature carried in the open-hearth furnac 


will tend to coalesce, and in general the mor 
alesce more rapidly than the less fluid. 


es are fluid. In inelusions having a melting 


e the par- 
e fluid particles 

An example of this 
he ef. shown in Fig. 7, where the inelusions in the 
more . having a low melting point, 


rimming steel 


| 
( 


srew to a very large size, whereas 


eneral. ; assy particles which were probably pasty, grew only slightly. 

they tation of the bath assists in elimination in that the particles 
Impact re mechanically carried to the slag surface instead of having to 
‘e: (4 rise through the steel, simply due to a difference in specifie gravity 
surface etween the particle and the steel. The One other condition nec- 

essary for elimination is that slag conditions be such that the par- 
ortness le will be readily absorbed when it reaches the slag-metal sur- 
| types The essential conditions for absorption are that the slag 
y ver) ‘‘wet’’ the particle and have an equal or greater surface ten- 
nereas sion than the particle. As the ratio 
of in- surface tension of slag 
ind in ; Sen ae : 
surface tension of particle 

or cer- 
‘lusion ncreases, absorption will be more rapid and at very low values 
e with of this ratio—that is, when the Slag has a low and the particle a 
ent in high surface tension—very little absorption would be expected. If 
‘iousls | the particles are not absorbed by the slag they will be thrown 


into the metal when the heat is tapped. Unfortunately, prae- 


tically nothing is known of the surface tension properties of dif- 


= : erent types of slags, but it is fairly safe to predict that the sur- 
lace tension will vary considerably with the normal changes in 

ed by nemical composition found in finishing open-hearth slags. 

of the 

- elim CONCLUSIONS 

a As a result of the experimental work described in this paper 

easing { 


Sal may be concluded that the mechanism of deoxidation with sili- 
ivht . 
g aie 4 


| n 1s, first, the formation of silica by the reaction 
rticle, 

a ma- Si 2FeO ss SiO, + 2Fe, 
would 

—_— and second, a fluxing of more FeO by the silica, f 


orming a ferrous 
te inclusion. 


Complete deoxidaton of steel is impossible un- 
oxide formed is absolutely infusible and insoluble at steel- 
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It may also be concluded that silic 
in iron or manganese will be more readily eliminated f 


with consequent increased rate of coalescence. 


paper, if only to say how much we in England are 


he is dealing with is, of course, one of primary importanee to all 


on our side a 


In fact, the ingot committee of the Lron and Steel Institute 
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bath than high silica particles, due to their lower meltin 
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iendous amount of hydrog 
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I say 


exception to his suggestion. 


‘* silica’? 


Nevertheless, 


important deduction for him to make and | should be very much 


him any indication at all that silica is in solution in liquid steel, 


as distinct 


Then, there is another very interestin 


earbon 


Now, | 


the steel. 


experiments which Dr. 


content, 


do 


It may surprise Dr. 


not 


and 


see 


we 


that 


lL submit to him that it 


to know to what extent he actually has experimental evidence which 


from ‘‘silicon.’’ 


g phase of this matter wl 


} 


Wi 


whether he mentions hydrogen in the paper, but | should like to he 


were not for the disturbing presence of that highly reducing element. 


1S 


Herty is conducting are, as he told us, based 01 


} 


ssit 


( XN} I 


must always remember that in the open 


ence of the high carbon content in the stee 


so far Dr. 


furnace, particularly in making a lot of the, I do net know whether 


them special steels in America, but steels 


of higher carbon content, 


| must certainly have a he 


influence, on the solubility of the oxygen in the bath. 


Herty has suggested thi 


which, if any, the presence of carbon will influence the solubility 


still have a very great doubt in my mind as to whether there is an) 


+ 


vou 


xt 


Herty to hear me say, for instance, 


be borne in mind and that is that these very excellent, constructive syn 


heart 


+} ‘ 
He 


) 
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| vee **eonsiderable’’ in the sense that Dr. Herty would use it 





xvgen in the bath when the carbon is ut a high level. | have 





ot of eX} lments ovel the last vear or two which lead me to 





: h whether, in the presence of carbon as distinet from in these 






onless irons, the oxvgen content Is as high as we are wont to be 


















may interest Dr. Herty to know that Professor Desch, whom 







cor here some time ago in Pittsburgh, has been doing very extremely 
oxvgen determinations in some of ow steels in Sheffield, and 


recent results show the oxygen content, the total oxygen content, at 





1} 
rua 





+ (005 per eent—acid open-hearth—which 1s very well below 
| | 





vould anticipate trom your figures. But, at any rate, | would be 





to hear what vou have to say about that. 






is regards inclusions and the separation of inclusions from steel, 


son’s method is largely used, but L submit to Dr. Herty that if he reads 





ssion on Mr, Dickenson’s paper, he will find a very interesting con 





om Mr. Kalkloff. Now, Mr. Kalkloff took a sample of steel, sep 





e inclusions by Dickenson’s method, and obtained a certain value, lle 








rated the inclusions by using sulphuric acid instead of nitrie acid and 
a much higher yield of inclusions, Therefore, it would certainly ay 
n determining the silica content which is fixed in the inclusions and 


chich is in the steel, due recognition should be taken of the fact that 





tremely doubtful whether the Dickenson method does completely return 








siliea. 





re ia only one more point that | would make and that is this, which 










you all a lot of hope on this inclusion question, 


vou properly refine steel in the electrig furnace, as you may, you 


luce the oxygen content to an extremely low level, and, if you are suc 
vou will obtain steel under the best conditions which is virtually free 
usions. ‘That is the latest information, in a way, from Sheffield. It 


nformation yet, because while we are very proud of our eleetric steels 
are making and our acid open hearth, doing the best we can, we still 


vith the knowledge which is now becoming available, steel will be 





is nlmost free from inclusions, and the avenue through whicl 





hest be done will be the electric furnace. 







Kertp: Mr. Chairman, there is one fact which seems to me might be 
d to advantage in connection with this excellent paper and that has 
with Table LI. You will notice there that steel with 0.21 per 
mm is shown as having a glassy type of inclusion, 95 per cent siliea 


eent FeO. Now. as a matter of fact, that is not true in the ease 





‘ich is first deoxidized with terromanganese in the furnace before 








nh. 


Herty has already brought out adequately, it seems to me, the reac 





ch go on in the ease of a furnace addition. | believe it frequently 






se where no furnace addition is made but where ferromanganese 1s 


furnace, followed by ferrosilicon, that you can get a steel with 0.21 





silicon in which the silicates are not so glassy, and correspond to a 















































































































































































































































































5S6 


manganese 


ought to be 


all steels of the normal type of killed steel, with 0.20 to 0.° 


silicate 





rather than 


stressed a great deal. 


as being more or less red-short. 


mF 


CAPE: 


Mr. Chairman 


an iron 


, Dr. 


with Dr. Herty a matter of technique? 
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silicate, 


A, 





Otherwise, we 


This 


fact, it se 


might coneceiy al 


Herty and gentlemen: 


» pe I 


May | 


In his investigation of th 


inclusions I was wondering if any of the samples were examined 


of the petrographic microscope. 


inclusions found in steel in thin sections and we have not been 


It has been possible to examine 


tify any of the inclusions as silicates. 


were available as to the optical properties of the phases Dr. 


the FeO 


we feel would aid very materially in identifying inelusions, 


oft a 


Dr. C, 


determine the 


moderate or 
EH. 


silica in solution in the steel] goes, | do not believe that you could ex 


large size. 


Hrerry: So 


amount dissol 


ot 


that you could not determine it. 


far 


ved 


silica 


ab 


It would be of importance 


SiO, diagram and in his ‘‘synthetie’’ 


in 


the 


inclusions. 


as the hydrogen in t 


steel, 


Hert 

Such int 

at any 1 

he steel VOeS 


? ) 


I 
it would be 


S( 


But, on the other hand, as | pointed 
the first of the paper, if you did not have SiO, in solution in the ste: 


would never get silicon in the steel, as you do in an acid furnac 


pick up silicon, because you would be eliminating the Si( » as fast 


and you would have no back force on the reaction Si 


to keep silicon in the bath. 


As a matter of fact, in the acid furnace, what probably happens 


this: when 


ossibly even lower, your slag is low in dissociated silica on 
. . > 


low temperature and the slag 


ature and 


creases, W hich 


you 


increase the silica 


melt down and 


me 


throws more 


silie 


come, si 


in the slag 


=) 


a into 


iv, to 


solution 


0.04 


in 


reaction to reverse, giving you your silicon pick-up. 


+ 
| 


to 


the dissociated silica 


the 


OLO5 


als 


oKeO =m Si0 


¢ent s 


per 


the 


metal 


Now, of course, 


account 


and eau 


SS 





ein 


( 


S 


composition, Now, as vou increase the tem: 


T 


that as you get higher carbons, you deplete the FeO also aids that react 


in coming back, but if you did not have dissolved silica, you could 1 


silicon in the steel bath. 


[ might point out that silver chloride is spoken of as being insolub! 


water, but actually it is very slightly soluble, and I think it is the sam 


he 


ty) 


of thing with silica in steel. You could not measure it directly, you probably 


would have too many silica inclusions, the silica inclusions in the steel we 


probably be much higher than the dissolved silica, but the latter is controllin 


far as silicon is concerned, and for a given amount of silica, you W 


definite amount of silicon in the metal at a given temperature. 


On the hydrogen in the steel, I think you have to get the sam 


and that is simply this, that in order to get the carbon down to a certain 


you have to have a certain amount of iron oxide present. 


Now, if 


} 


one 


? 


A 


is 


} 


had twice as much hydrogen as another and the hydrogen affected the ox) 


content of the metal, you would have to have twice as much iron oxid 


case in the slag as you would in the other, and we all know that you 


down to about 


the same carbon 


content 


with 





about 


the same 


iron 





il 


' 


i 


OX1d¢ 


t 
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under almost any condition, that is, for a reasonable range 
re, and I think in hydrogen you have the same thing as vou have 
vou have to suppose the formation of either an tron hydride 
in steel. Water is very soluble in molten slags at very high 
There is no reason to suppose that water vapor is not soluble 
very minute quantities, of course, but still soluble enough so the 
n steel would be affected by that amount of water vapor, and the 
iron and hydrogen are in equilibrium with the iron oxide, and 
is ut the same time, so the hydrogen does not influence the oxygen 
as we have had in these melts. 
the point that Dr. Hatfield brought out as to the carbon content 
taken into account, evidently Dr. Hatfield misread that diagram 
wing the carbon-silicon type of inclusion diagram, You will notice 
curves sWing up to the left, so with 0.06 per cent silicon and low 
got a type of inclusion that was high in iron oxide. When you 
high earbons, 0.25 per cent and up, you get the glassy type. 
H. HATFIELD: | was speaking of the oxygen content, not the 
luSIONS, 
H. Herry: As you get up to the 0.25 per cent carbon range, you 


issy type of inclusion, and as you go up in ¢carbon, you come down in 


— 


that is, it is presupposed, of course, that the higher you are in ear 
iower you are in oxygen. As a matter of fact, in the work we have 
could caleulate that with a 1 per cent carbon steel we should have 
003 per cent oxygen present. When we get down to 0.03 or 0.05 
carbon we can have as high as 0.08 oxygen in the steel. That is the 
The general relationship between carbon and oxygen is shown in 

No values have been assigned to the coordinates because the equili 
onstant has not yet been determined. 


on the oxygen content of the steels being 0.005 by Dr. Desch’s 


| think you will find that is very normal for American practice, or 
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Krench or English practice, for that matter, because, after all 


. ¢ 
independent of country. If you kill a steel with 0.12 per 


eent 
oxygen content would be about 0.009 per cent. If you go up to 
silicon, you would have less oxygen. If you had manganese and sili 
you did some fluxing in addition to straight deoxidation, | think 
come down to even lower oxygen contents. Of course, when the once 
is low as 0.004 per cent, the analytical error is fairly large. 

As to Mr. Feild’s question, I think | covered that more or 
mentioned silico-manganese as a method of getting a fluid inelusi 
where the proper ratio of manganese and silicon is to give you manga 
and silica in a relationship that will give you fusible inclusions i 
that we are working on at the present time and we hope to solve t 
lem in the next year or so. 

In answer to Mr. Cape’s question on the petrographic work, we 


termined refractive indices on these inclusions. We have checked ¢1 


and from there on up you get a number of different refractive indi 


pending on the composition of your inclusion. They go from © 


through fayalite and even higher in refractive index, 


The other way we have checked the composition is by getting the met: 


lographie properties of the synthetic slags and checking the microstru 


the synthetic slags with the microstructure of the inclusions, For 


on the two inelusions of the high magnification series, we have 
that structure exactly in the synthetic slags, so right now, on ferrous-sili 


alone, we use the microstructure as much as anything else to determin 


inclusion composition. 


is 8 
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STEEL FAILURES IN AIRCRAFT 


SISCO 


Abstract 


This paper discusses failures in steel aircraft parts 

it have been investigated by the Metallurgical Labora- 
ry at Wright Field. The methods used in the tn- 
pstigation of these failures are described briefly, fol- 
wed by a classification of the various failures in re- 
spect. to their origin. Included in this classification is 
an account, illustrated by typical and representative 
ses, of: (1) failures due to faulty manufacturing 
methods and not caused by defective material; (2) fail- 
res due to internal defects such as non-metallic inclu- 
sions and the like; (3) failures due to seams and other 
surface defects: (4) mascellaneous failures due to de- 
fective steel including large grain size, segregation and 
handing; (5) failures due to faulty or wrong heat treat- 
ment: and (6) failures due to welding. 


FOREWORD 


ip THE activities of the Materiél Division, U.S. Army Air Corps, 
the inspection, testing and development of materials and equip- 
ment for military aircraft are of first importance. The Matericl 


Division does not undertake any production work; it does, how- 
ever, co-operate with the airplane and engine manufacturer in the 
testing and inspection of raw and finished material as well as in 
lesign, to insure complete conformity to War Department specifica- 
tions. The testing, inspection and research facilities are complete 
and include everything connected with military aircraft from the 
small bar of steel or the strand of silk cord, to the complete power 
lant or the completed airplane. 
In order to bring out any inherent or unsuspected weakness in 
material or design and in order to simulate the most extreme serv- 
‘onditions in a short-time test much of the testing is under more 


ed by permission of the Chief of Air Corps, War Department. 


paper presented before the tenth annual convention of the society held 
idelphia, October 8 to 12, 1928. The author F. T. Sisco, a member of 
ety, is Chief of the Metallurgical Laboratory, Air Corps, Wright 
Dayton, Ohio. Manuscript received May 25, 1928. 
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severe conditions than are ordinarily met with in flight. ¢ 
lv failures of material occasionally result. As a typical 

















of one of these failures the following report of unsatisfa 
formance on a 1400 eubie inch displacement 500 horsepo 
cooled engine may be cited: ‘‘This engine had 9 hours blo 
the factory at full throttle, speed range 1900 to 2400 revoly} 
minute. Full power calibration runs were made at the powe 
laboratory at Wright Field through a speed range of 1800 to 24 
revolutions per minute the duration of which was about thy 

The engine was then used for carburetor tests at the torque stand 
various speeds, principally on acceleration tests, for approximat, 
20 hours. The engine was on magneto tests at the torque stand ru 
ning between 1800 and 1900 revolutions per minute, mostly at 
per cent full power when the crankshaft failed. The duration 
the magneto tests was 24 hours, 15 minutes. The total time for + 


; 











engine is 56 hours and 15 minutes. The carburetor test was proba 
ly the most strenuous as the throttle was opened wide quickly 
from idling speeds to full power and full speed. The nature « 
this test is such that high torsional stresses are imposed on 

erankshaft.’’ Upon examination the crankshaft proved to be def 
tive. It is probable that failure of this shaft would not have o 


eured under usual flight conditions. On the other hand it is pos 

















sible that had the crankshaft been free from defects it would hay 
withstood the test satisfactorily. 

The work of the metallurgical laboratory at Wright Field 
about evenly divided between research on steel and nonferrous a 
loys, and the examination and diagnosis of metal failures occurring 
throughout the Air Corps. Failures of material on aircraft 
service are comparatively rare; probably 90 per cent of them oce 
during test. From the large number of failures that have bee 
investigated in the past five years, it has been possible to class! 
them, to form rather well defined opinions concerning their calises 
and to make recommendations to reduce their number. 








Metrnops Usep In THe ANALYSIS OF FAILURES 









The greatest handicap in the investigation of metal fail 
is that generally all history of the part previous to its acceptance 
for service by the Air Corps inspector is unknown. It is not ofte! 
that we know definitely the processes involved in melting, work- 
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Fig. 1—Photograph of Failed Crankshaft 
Failure and Location of Test Specimens. 
Reduced. ) 


Showing 
(Greatly 






























































































































































and fabrication. 


their obligations are ended. 

Mailures sent in for investigation 
satisfactory performance report that 
of the part insofar as this history is 


might be responsible. 


marks or too-small fillets that may act as a notch. 


It has been the practice for several years, when engines or air 


Failures of 
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are accompanied 

gives the complet 
Nearly al\ 
record of the part is available since its installation in the 
At Wright Field the failed part is subjected to a visual exan 
to determine 


be divided 
main heads: (1) failures due to faulty design or improper or car 


methods of manufacture, and 


by some abnormality or 















Some manufacturers are willine 
detailed history of the material they are furnishing: 


Most 


however, when they meet the specifications satisfactoril 


VS 


pIPnyis 
-} i 


manufacturing or fabric: 
examination of th, 
fracture to locate its origin with respect to any sharp corners, too 
Often this visu: 
examination when correlated with a knowledge of the stresses 
volved will be sufficient to explain the failure. Following this. a 
or all of the following methods of procedure may be used, che 
analysis, coarse etching, complete physical tests insofar as th 
shape and size of the piece will permit, metallographic examinatio) 
and, if advisable, X-ray radiographic inspection. 


Fig. 1 shows t 


location of the specimens in the failed crankshaft deseribed abov: 


planes are torn down for a complete overhaul, to make, when pos 
sible, a metallurgical examination of parts which have withstood 
service or test conditions unusually well. By this method consi 
able information has been obtained that has been of great value i 


the investigation of like parts that have failed after relatively short 


failure due to materials 
This classification is necessarily a more-or-less arbitrary one. 
the first class we include failures due to overloading or to the part 
having insufficient strength, or to improper machining; in oth 

words a failure which is not caused by some abnormality or defect 
the steel itself defeet introduc 
ed while the material is undergoing a change in structure or com- 
position as in rolling, forging, heat treatment, welding or the 
A failure due to material can usually be traced to some abnormalits 
a defect either in the steel itself or introduced during the vario 





into tw 
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. through which the steel goes before it is ready for the final 
y operations. 
s not within the scope of this paper to discuss failures due 
These are becoming less frequent each Vear due to the 
ble advance designers have made in stress analysis and 
xperience in adapting high strength materials to aircraft 
tion. When it is realized that the average weight of the 
for military aircraft (1. e. the weight exclusive of the cool 
system) has decreased from approximately 2.0 pounds per 
power in 1918 to 1.3 pounds per horse power in 1928, or 35 
ent, it is at once apparent that phenomenal strides have been 
in engine development. In addition to this reduction in 
rht the average life of the engine has been doubled: it has in 
ased 100 per cent, with a corresponding decrease in maintenance 
This almost sensational development in engines for military 
reraft—and in the airplane as well—has been due _ to 
rs: (a) improvement in design, (b 


three 
improvement in methods 


or the machining and fabrication of parts and (¢) improvement 


n materials. 
Notable among these improvements may be mentioned the suc 
essful and wide use of welding; the perfection of precision methods 
r the manufacture of gears and other highly stressed parts that 
have been heat treated to a scleroscope hardness of 65 to 75; and 
e excellence of some of the newer valve steels. 


FAILURES Dug TO FAULTY MANUFACTURING METHODS 


Before taking up the question of failures due to the material 


} 
Cll, 


we will pause for a moment to look at a few of the more 


‘common manufacturing faults that can be held responsible for 


It seems almost platitudinous to discuss the notch. The 
of the notch in reducing the 


| res. 
iTeet resistance of the material to 
latigue, to impact, either sudden or repeated, or to vibratory stress 


Q } 
‘ i 


s so well known and so important that it would seem as if 


ils prolific souree of failure would have been completely eliminat 


qd in modern design. 


‘ 
( 
‘ 


In fact, however, it is quite evident that a 
esigners do not yet realize the importance of proper filleting 

a considerable proportion of material failures in aircraft 
their beginning in the sharp corner. A common fault in this 
is not so much the complete absence of the fillet as the 
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Fig. 2—Photomicrograph of Crankshaft Bolt Showing Irregular Fillet 


in Alcoholic Nitrie Acid. x 100. Fig. 3—Photomicrograph of Crankshaft 
Smooth Fillet. Specimen Etched in Alcoholic Nitrie Acid. x 100. 


fillet that is too small. We occasionally encounter drawings « 
which fillets are 1/64 inch. 


A source of considerable trouble is the fillet that is improper 


ly or earelessly machined so that instead of the fillet performing 
its proper function it is in effect a notch. This condition was 
evidenced in the examination of a lot of crankshaft bolts in whicl 
several failures developed. 

The drawing specified a 1/32 inch fillet at the head and in th 
reduced shank portion. A careful inspection showed that all of th 
bolts were filleted in these two locations yet failures occurred 
the fillet of the reduced shank portion. 

Metallographie examination indicated that many of the 
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Propeller Hub Showing Origin 


rregular. The appearance of the fillet in two representative 

ts is shown in Figs. 2 and 3. The bolt shown in Fig. 2 failed, the 
shown in Fig. 3 was satisfactory. A magnification of 50 to 
} diameters was necessary to detect the irregularity of machin- 
the fillet. The steel was 3.5 per cent nickel, excellent in 

ty and heat treated properly and had the fillets been smooth 

| have undoubtedly withstood the severe vibration satisfactori- 


{ shows an interesting example of how a fillet in a soft 


may be turned into a notch when in contact with a harder 


containing a sharp eorner and the whole assembly sub 


) severe vibration. Fig. 4 is a cross section of the hub of an 
le blade duralumin propeller. On all blades of this design 

s a liberal fillet between the hub and blade. The steel barrel 
the duralumin hub has a fillet at each end which fits into 


\ 


of the two duralumin blades. Fig. 5 is a sketch of the fil- 
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let (a) as it appears on the drawing and (b) as it actus 
machined on both ends of this particular steel barrel, 
When this propeller assembly was tested the burr o) 
steel barrel forced itself gradually into the softer dur 
producing the well defined notch evident in Fig. 4. A & 
at this notch. The result was complete failure of one b! 


Did Gt ¢ 
‘ al 


beginning of failure of the other. In Fig. 4, the arrow 








erack about 1g inch in depth which had started in this 
Krom these illustrations it is evident that to avoid 


highly stressed parts due to a notch we must watch for oj 


& 


Fig. 5 Sketch of Fillets of Steel Barrel 
for Adjustable Blade Propeller. (a) Fillet 
as Shown on Drawing, (b) Fillet as Ma 
chined on Barrel. Fillet Actual Size 






















in addition to the complete absence of the fillet. Failure may st 
in a fillet that is too small, it may start in a fillet that has a rou 


uneven machined surface, or it may start in a sharp tool mark. | 
the case of assemblies where two metals, one hard and one s 


are used in conjunction with each other, any projection or s| 


edges on the hard metal will produce what is in effect a noteh 



















the softer metal. This is especially true where the assembly is s 
jected to vibratory stresses. 

The importance of careful, accurate and smooth machine 
for aircraft parts cannot be too strongly emphasized. In extrem: 
high stressed movable parts the difference between early fail 
and almost indefinite service depends to a large extent on the cai 
taken in manufacturing processes. The illustrations given in t! 
foregoing paragraphs are only a few, selected to emphasize partic 
larly vital points. Far too many steel failures im aircraft hay 


been caused by a little carelessness in machine work. 





(GENERAL DISCUSSION OF FAILURES Dug TO FAULTY MATERIA! 


In discussing failures due to faulty material, two divisions 
naturally suggest themselves. In the first place the steel may 
inherently bad; it may contain slag, blowholes, or other interna 


defects; or it may contain seams or other surface imperfections 
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d place it may have been improperly processed at some 
> manufacture and before the finish machining operations 
issembly in the completed airplane or power plant. It 
properly rolled or forged, or it may be improperly heat 


We ean conveniently include welding in this second clas 


nite of the advances in the steel maker’s art, especially in 

facture of alloy steels, some dirty steel is still being made. 

his dirty steel considerable finds its way into aireraft con 

In spite of the improvement and pertection of the vari 

rocesses to which the steel ingot is subjected before it appears 

nished part, there is occasional evidence that faulty rolling 

forging practice still exists. There Is still eareless heat 

nt being done,—it is not frequent,—but it becomes evident 
ily in a failure, especially of a carburized part. 

r. 6 is plain evidence of faulty mill practice. This part is 

spring washer for a radial air-cooled engine. After coarse 

a long narrow rectangular area was noted, This is plainly 

n Fig. 6. Microscopie examination showed that this area 

low carbon steel strip. Fig. 7 at a magnification of 100 dia 

‘s shows the junction of the heat treated nickel-chromium 

washer and the low carbon steel strip. It is quite evident 

Mig. 7 that carbon has migrated from the steel of the washer 
the low carbon strip. This leads to the supposition that the 
probably orginated in the ingot. 

Some steel makers using big-end-up molds for alloy steels insert 
made of mild steel into the molten metal in the top of the 
When the ingot solidifies this hook facilitates stripping. 

ses have been known where in rolling the ingot it was not crop 
d sufficiently and a small piece of this hook remained in the ingot. 
probably what happened in this particular washer; 1 
hined from the top end of the top billet. A condition such 
might well be dangerous. Had an oil or water pump drive 
other vital, highly stressed part been machined from such 
this a premature and perhaps disastrous failure might have 
TERIAI 
divisions llappily such examples of faulty mill practice are comparative 


) mar rat Most mills are careful about their cropping but the detec 


nterna ist one instance of such flagrant carelessness is evidence 


rfections 





Vv o1 


e. Fig. 


; 7—Photomicrograph of Junction of Steel of Washer and Steel 
Area Shown in Fig, 


Fig. 6—Photomacrogra 


6 
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ph of Low Carbon Area in Valve Spring Washer 


Specimen Etched in Alcoholic Nitrie Acid.  1I 
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defeets may be encountered even in the highest erade alloy 


FAILURES DUE TO SLAG AND Dirty STEEL 


inclusions, blow holes and internal seams in alloy and 
oh strength steels, assume an importance in aircraft parts 
ereater than usually accorded to these internal defects. Most 
res of aireraft engine parts take place by fatigue and are the 
+ of a variable or alternating load. It is well known! that ‘‘if 
ny portion of the metal, however small, where the concentration of 
ess occurs, is stressed beyond its fatigue limit, it will fracture 
ter a time under alternating stress and thus cause a minute crack. 
eoneentration of stress at the bottom of this crack will be 
er than before and the process will repeal itself, and in this 
the crack will spread and ultimately cause fatigue fracture of 
whole.’”’ 
It has been established without doubt that a concentration of 
stress occurs at sharp corners, keyways, screws threads, toolmarks, 
teeth and the like and leads to early fatigue failure. There 
has in the past been some question as to whether non-metallic in 
lusions accelerate failure by fatigue. The results brought out by 
Lucas’ in his study of the path of fatigue failure and by Styri in 
his discussion of Lucas’ paper, show conclusively that fatigue cracks 
frequently have their origin in clusters of slag particles. In this 
‘connection Moore* SaVvs: ee very few tests have been run on 
specimens of ‘dirty’ steel.... The test data for these few tests are 
erratic. The effect on resistance to fatigue of any inclusions in steel 


seems to be very largely a matter of chance, depending on whether 


the inclusion is located at a point of high stress or at a point of 


w stress. Some specimens of dirty steel gave as high fatigue test 
results as did specimens of clean steel, while other specimens of 
dirty steel gave low results. A study of the fatigue strength of dirty 
ight be expected to vield results of great importance. Ages 

In the work done at Wright Field on failures a mass cf evi- 


has been accumulated which shows without doubt that non- 


Steel Treating, 


Illinois, Vol. XXI, 
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Fig. 8—Wabble Plate for Barrel Type Engine (Greatly Reduced). Co 


metallic inclusions are frequently responsible for, or at least ace: 
erate fatigue failure. This evidence has been so strong that 
vine builders are now paying an ‘almost exaggerated attention 
the cleanliness and quality of the steel. 

An excellent example of early fatigue failure in exceeding! 
dirty steel is shown in Figs. 8, 9 and 10. Fig. 8 is a wabble plat 


from a 425 horsepower experimental barrel type engine. This plat: 
is subjected to relatively high alternating stresses, but stresses whic! 
are probably much below the fatigue limit for this material, whic! 
is a 0.35 per cent carbon, chromium-vanadium (6135) stee 
treated to 260 Brinell hardness. 


A test on this engine was discontinued due to a bearing [a 
ure after 10 hours at part throttle and 11 hours at full thrott! 
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lag Particles in Specimen Through One Rib of Wabble Plate 
35 Fig. 10—Photomicrograph of Path of Fatigue Crack 


< 8 Through 
Plate Specimen Etched in Alcoholic Nitric Acid <x 100 


nination of the wabble plate when the engine was torn down 


SCLOSeC 


a number of small craeks in the fillets of the central ribs. 
part was then coarse etched with the result that more than 


i) y" 


) ah eracks were detected. Kvery fillet contained one or more. The 


ilies 3 ; larger of these cracks are enclosed in pencil marks and a few of 
them can be seen on Fig. 8. Figs. 9 and 10 are representative of a 


icin irge number of metallographic specimens taken from this part. 

bble plat pF fig. 9 shows the character of the slag and Fig. 10 the path of a 
This plate itigue crack progressing through particles of slag. 

sses whic! "he value of the evidence obtained by the examination of this 

tal whic s part Was especially great in that the piece was available for ex- 

| n just before failure had actually occurred. When the 

a highly stressed moveable part does take place, it (and 


the engine) is usually completely wreeked. In any case 





TRANSACTIONS OF THE A. S. S. T. 


Fig. 11—Photograph of Failed Cylinder for Water 
Cooled Engine Showing Failures. (Greatly Reduced.) 


its condition is such to make the cause of failure somewhat 
tain. 


Fig. 11 shows a chromium-molybdenum steel cylinder 


failed in a 600-horsepower engine after 41 hours endurance testing 
at 2500 revolutions per minute. The structure adjacent to 
one end of the crack in the cylinder shown in Fig. 11 is show 
in Fig. 12 and the other end of the crack in Fig. 13. The stresses 
on the walls of this cylinder are such that it is quite logical to as- 
sume that there was a concentration of stress in a colony of sii 
inclusions. 

The examples given above could be duplicated almost inde! 
initely. Turning now from the experimental metallurgical ev! 
dence to the more practical, and perhaps just as conclusive, | 


1} 


dence the following experience may be cited. Several engine build 





STEEL FAILURES IN AIRCRAFT 


Photomicrograph of Slag Particles at One End of Crack in Cylinder. 
100 ‘ig. 13—-Photomicrograph of Slag Parti 
n Alcoholic Nitric Acid < 100, 


Specimen 
cles at Other End ot Cra 


rs were troubled by an excessive number of valve spring failures. 
- 


ese springs were made out of a chromium-vanadium spring wire 
experienced spring makers. The stresses on a valve spring can 
estimated with a fair degree of accuracy. In one particular 


ngine the stress in the valve spring varied from approximately 
1) OOO +4 


to 50,000 pounds per square inch. So far as is known the 
is show torsional endurance limit for spring-tempered chromium-vanadium 
teel has not been determined, but past experience has set 30,000 to 


ie ST resses 


ical to as- . : . : 
cal to pounds per square inch as a safe working stress for these 
a 


re 


When an excessive number of failures developed, the springs 


nereased in size so that the stress range was decreased to 


st inde! 
vical Vy] ¢ or ° a . 

Bat mately 20,000 to 35,000 pounds per square inch. Even with 
margin of safety the number of failures did not diminish 


, 
i 


iy 


sive, ey 


ine bull 
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An 





investigation disclosed that the steel] in the 


\ 









not of high quality ; the detection of slag inclusions 
defects led to the eonelusion that the failures were due t 
steel. A search was made for a source of supply of high of 


and finally through the co-operation of a piano manufact 



























V 
Fig. 14-—Photomacrograph of Oil and Water Pump Drive Gear Showing 
Surface Seams Specimen Coarse Etched. 21 
carbon piano wire was used for valve springs. With the intr 
duction of these springs the stress range was increased to 35,0) 
" , \\ 
to 50,000 pounds per square inch and the springs placed in servic 


ailures of these springs are almost unknown. 

Sufficient airplane engine valve springs which have failed 
service and in test have been examined metallographically so that 
coupled with the experience of engine builders on this vital part, 
it is safe to assume that slag inclusions and other small interna 
defects will cause premature failure, and that a valve spring mad 


of clean steel will give satisfactory service. 






FAILURES DUE TO SEAMS AND OTHER SURFACE DEFECTS 


When we attempt to fasten the blame for material failures 
on seams and other surface imperfections we find ourselves on 


° . > . . Pail 
still more debatable ground than the question of blaming the fall 
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n-metallic inclusions and like internal defects. It is true 
that in many cases a seam will act as a notch producing 


ntration of stress at this point and resulting in a premature 


t 


Fivs. 14 and 15 show an oil and water pump drive gear from 


V-type air-cooled engine which had been subjected to a 10-hour 








Fig. 15-——-Photomacrograph of Shaft of Oil and Water Pump Drive Gear 
s ving Defects. Specimen Coarse Etched. 2 


full throttle test at the factory and 12 hours at part throttle at 
Wright Field. At the expiration of this test the throttle was opened 
wide and after one hour the gear failed. Coarse etching revealed 
failed in i large number of seams of which some are evident in Figs. 14 and 
so that 1). Several seams were evident in the fillet between the hub and the 
tal part, lange. There is little doubt but that a concentration of stress oc- 
interna ‘urred in one of these seams and caused failure. 
ng mad One of the most important and yet most debatable problems 
his laboratory has faced is the question of crankshaft failures; 
s whether or not defects in the steel can be blamed for caus- 
‘contributing to the failure. An airplane engine crankshaft 
failures ibjected to high stresses; and stresses so complicated and with 
iny factors entering, that they cannot be analyzed with any 
of certainty. There is no doubt but that there is a con- 


the fail 
tion of stress in the fillets: and crankshaft design has, as a 
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result, had as one object a stiffening of the shaft to 
concentration of stress. The shaft is at times subjected abnor. 
mally high stress due to resonant vibration at certain s 
especially to preignition, a condition more apt to occur 
charged engines. 

The question of whether or not defective material enters int 
a crankshaft failure is almost wholly of the harmful effect of haiy 
line seams. Forging practice on crankshafts is entirely satisfa 
tory; as is heat treatment and the resulting properties and stry 
ture. The only defect encountered in most crankshafts is the sma] 
surface imperfection known as the hair line seam. This seam js 
frequently little more than a seratch; being from 14 to 14 jne} 
They often 
occur in colonies; and few crankshafts have been examined t} 


in length and often of no measurable width or depth. 
have been wholly free from them. In the majority of cases eran 

shafts fail in the first or second throw from the propeller end 
Kig. 1 shows such a typical failure. ‘The stress on the throws js 
a combination of bending and torsion and is greatest at this point. 
Kies. 16, 17, 18 and 19 show sections from various crankshafts 
that have failed prematurely. Fig. 16 shows the journal of th 
throw that was third from the failure. There was a colony o! 
small seams in the fillet, one of them large enough to be see 
in the photograph. Fig. 17 is the journal of the throw next to 
the failure in the same shaft. In this journal a crack has started 
in the fillet and has progressed radially around the journal, turn 
ing at the end so that it is apparently headed for the oil hole. 
Fig. 18 shows the journal of the throw next to the failure of an 
other crankshaft. It will be noted that the crack has started radi- 
ally in both directions from the oil hole. Fig. 19 shows the ap 
pearance of a section of the crankshaft from a small experimental 
two eylinder engine. The sponginess and the large seams in thi 
steel are readily apparent. 

Practically all crankshaft failures are due to fatigue; most o! 
them have their origin either in a fillet or in an oil hole. There 1s 
little doubt but that the direct cause of failure is a highly concen- 
trated stress at the point where failure starts. That this failure 
is due to overloading is probable. There is no direct evidence that 
hairline cracks, small seams or other defects cause the failure bul 
there is considerable basis for the assumption that they contribut: 
materially. 
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Crankshaft Journal Showing Small Seams. 
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ntri 7—Photograph Showing Fillet of Crankshaft Journal Showing 
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Fig. 18—Photograph of Crankshaft Journal Showing Crack at 
Oil hole. (About Actual Size.) 


Most likely the large seams and cracks shown in Figs. 16, 17, 
18 and 19 have been opened up by the high stress at the time 


the shaft failed, but the presence of numerous hairlines in the rest 


of the shaft and in locations adjacent to where these eracks wer 


found makes it logical to assume that the large seam or the siz 
able crack had its origin in the hairline seam. Hundreds of 
crankshafts that probably contained many of these hairline seams 


have given excellent service. On the other hand we have no 
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Photograph Showing Defective Steel in Small Engine Crankshaft. 
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Photograph of Hand Starter Release Showing Location of 


2) Photograph Showing Appearance of Fracture of Hand 
Release 


dence that these shafts have been subjected to any abnormally hig! 


stresses. It is true that a crankshaft might fail due to a concen 
tration of high stresses and still be free from hairline seams, but 
the preponderance of evidence is that for a given stress the shaft 
that contains large numbers of hairline seams and other small sur 
face detects will fail where the shaft wholly free from these defects 
will not fail. 


MISCELLANEOUS KArUuRES Dur Tro DEFECTIVE STEEI 


A few failures in aircraft parts can be traced to the presence 
of defects in the steel other than non-metallic inclusions, and sur 


face seams and eracks. Fig. 20 shows a failure due to woody stru 


ture. This part is a release on a hand operated engine starter al 
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Photomicrograph of Structure of Hand Starter Release Intersecting Fractur 
Etched in Aleoholie Nitric Acid, x 100 Fig, 23——-Same as Fig. 22, Specimen 
to Fracture Specimen Etched in Aleoholic Nitric Acid x 40 


lailed as Shown in Fig. PO. The woody appearance of the fracture 
sevident in Fig. 21 and the heterogeneous structure in Figs. 22 and 
=). This type of failure was much more common several years ago 


} 


at the present. Along with flake, woody fracture has almost 


letely disappeared; very few cases have been encountered in 


; 


ast few vears, 
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Fig. 24—Photomicrograph o 
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sionally a failure can be blamed on abnormal grain struc 

on the other hand the abnormal structure can often be 

with non metallic inclusions or is due to heat treatment, 

times to the absence of heat treatment. It is only neces 

ite one or two Instances where failure can be traced to 

ture. Fig. 24 shows the average structure of a O40 per 

irbon steel forged flange from an airplane wheel. The flange 

prematurely. This part is subjected to unimportant tension 

wes and also to rather severe Impact stress in case of a rough 

ng. When the part is forged and heat treated according to 

cations no difficulty is encountered. In the ease of the piece 

hose structure is shown in Fie, 24, the part was evidently not 

treated at all. The grain was coarse and the material too 
The result was early failure. 

Kies, 25 and 26 show a case of an unusual failure due to ab 

ormal structure. The part was a strut fittine made from low 

irbon sheet stock. Kie, 2S shows the average structure of the 


terial and Fig. 26 a representative area near the edge where 


there Was considerable carbon sevregation, Several of these SeYU 


regated areas were noted in the specimen examined. Evidently 


e sheet stock from which this fitting was made was rolled from 
segregated billet. Failure was caused by vibration and started 
one of these segregated areas. 

\s yet it has been impossible for this laboratory to associate 
anded structure and ghost lines definitely with the failure of steel 
arts, but from the large number of failures examined in which 
anded structure was the only abnormality present and in which 

s known that the stresses probably were not excessive, it seems 


to assume that there is some relation between this abnormal 


ty and premature failure. Fig. 27 shows a typical banded strue- 


ture ina failed bomb rack fitting where no appreciable amount of 


ould be detected in or near the bands, even at relatively high 


agnification, As the phosphorus in this particular steel was 


O21 per cent it is hardly possible to blame the failure or the 


} 
{ 


led structure on this impurity. 
We might say just a few words about the use of the wrong 
lor highly stressed parts. Even though unintentional, it seems 
isable, but the fact remains that it happens occasionally. As 


of this we might cite the failure of a maeneto shaft for 
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Which a Bessemer stee] 
tine SCTeW stock 
O.095 per cent sulphur 9 () ” 
per cent phosphorus 
Another case was the 
silico-maneanese steel contaiy 
20 per cent silicon for a Spey 
charger drive shaft for h 
O50 per cent carbon, chro 
nickel steel heat treated to 6 
scleroscope hardness was sp 


hed. 


KAILURES Duke ro Lh 
TREATMEN' 


The etfect of erratic or wrong 
heat treatment on the life of 
highly stressed steel parts Is tor 
well known to demand anything 
but a passing attention. Fail 
ures have been caused and pro 
ably always will be caused o 
casionally by subjecting the part 
to the wrone treatment, for ex 
ample, the part is too hard a 
brittle and fractures by a rela 
tively heht impact, or the part 
is too soft and wears rapidly. 
Due partially to the care use 
by most manufacturers in heat 
treatment and partially to 
realization of the importance 0 
venerous fillets wherever poss 
ble, failures due to hardening 
eracks are comparatively rar 
Fig. 28 shows a supercharger 
drive shaft that failed durme 
the acceptance tests of the el! 
gine. It was machined [rom 


0.65 per cent earbon, l.vo pel 
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| }OSS 





rdening 





rare 
charger 
ipl of Spline End f Failed) Supercharger 
qurimnsg 
ckel, 1.10 per cent chromium steel of fairly good quality. The 


‘content was 0.10 per cent above the upper limit specified for 


steel, Kio, 29 shows the spline end after Coarse etching. There 
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Fig. 30—Photograph of Reduction Geat 


were hardening cracks at the base of each spline. Many of thes 


hardening cracks extend beyond the end of the spline and cha 


to a radial direction, evident in Fig. 29. The failure was due 
torsion and no doubt originated in a hardenine crack. "} 
factors probably entered into the formation of these harde 
eracks: l the heat treatment necessary to attain a scler 
hardness of 60; (2) the unusually high carbon content for 
ium-nickel steel; and (3) the exceedingly small fillets at 
of each spline, 

As representative of failures due to Improper Cal 
one instance will be given. Fig. 30 shows a reduction 


a geared propeller. This gear was made from a low 
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rograph of Tooth of Reduction Gear Not Pitted-——-Showing Depth and 
cimen Etched in Aleoholie Nitrie Acid Loo Fig. 32-—Photo 
» it prerrn tf Cys Specinen 


Reduet n Geen itted, Sh 


Bad Pit 
Acid boo 


nickel steel supposedly carburized to a depth so that the 
Kie, 31 shows 


vould be 0.020 to.0.030 inch after erinding. 
ture of a tooth that was not pitted and Fig. 
The ease in Fig. 31 


3? the strue 


pes 
One in which severe pitting occurred, 


than O.O1 inch, where 0.020 to 0.030 was specified; and in 


it is quite evident that there is no case at all. Most fail 


of two reasons: (1) the 


carburized parts oecur for one 
vas carburized unevenly or machined unevenly or perhaps 
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Photograph of Valves, Coarse Etehed and Zine PI 


distorted so that practically all of the case was removed fron 


tions of the piece in the grinding operation or (2) the cas 
uneven and heterogeneous in structure or the core was Improper 
refined and was course grained and brittle. These cases of fail 
are all due to erratic or improper heat treatment. 

An unusual case of failure due to a combination of s| 
unsound steel and too severe heat treatment was encountered 1 
rather important valve failure. These valves were made fron 


0.o8 per cent carbon, 0.71 per cent chromium, and 1.82 pe! 





(7RORAF I 








tn) 


we Wi lig 4 Photograph of Bar Sto 
Valve Cou hitched, Showing 

Pop ri (About Actual Size.) 
Fail 

ten steel heat treated drastically in order to attain a hardness 
shigwhtls fr SO scleroscope or vreater. Kailure of two valves in an engine 
ed in a test lead to the examination of the remainine valves of the lot. 
fron Mig. 33 shows three of this lot after coarse etching and zine plating. 


ent alve at the left has two cracks about 4. inch long in the 
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Fig, 35-—-Photomicrograph of Bar Stock fe Valves Polished and Etched 
Nitrie Acid —Showing Unsound Area. 3 Fig, 386-—-Photomicrograph of Structure 
sound Area Shown in Fig. 35 Specimen Etehed in Aleoholic Nitrie Acid La 


stem, one at the middle, the other about an inch from the head 
In the center valve circular cracks will be noticed in the head 
and in the valve at the right, a deep erack YY inch long and one 
inch from the head is seen. These were unused valves. 

The metallographic structure of the valves was somewhat 
heterogeneous but nothing could be detected that gave any clu 


to the origin of the defect. A bar oft the steel from which the 


valves were made was found to be apparently sound as wer 


the rough forgings. After considerable investigation it was found 


that the eracks were due to the drastic heat treatment and were 
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more than areas of imtense: strain which opened up as a 
pon deep etehing in hot acid, 

he source of the cracks was determined by experiments on 


stock from which the valves were made. A number ol 
ens from this stock were quenched im oil from 1625 degrees 
Some of these bars were tempered immediately at 800, 400, 


1] GOO degrees Fahr. Others were held 24 and 72 hours be 





Failed Shatt from Dual Stiek Control (Greatly Reduced.) 





fore tempering at the same temperatures. All of the specimens 
were then polished and coarse etched, The bars hardened and 
tempered immediately at 400, 500 and 600 degrees Fahr. were ap 
parently Free from cracks. Some of the bars tempered immediately 
at 


100 degrees Kahr. contained small cracks, others contained none. 


Practically all of the bars held for 24 or 72 hours before temper 
ny 


contaimed cracks, some of them very large. 


When these bars were lightly etched in hot dilute hydrochloric 
‘id small surface seams were detected. Upon further etching 
these small seams developed into larg: 
shown in Fie, 34. 


that 


eracks, one of which is 
This gave further plausibility to the assumption 
the cracks were caused by an area in which severe hardening 
straims were present, possibly even a large number of minute hard 

cracks. When etched in hot acid these areas developed into 
ick the size of which depended to some extent upon the severity 
the etching, 


wer Deep etching of the bar stock 


from which these specimens 
found ere taken failed to reveal any 


cracks, seams or other defective 


were areas In which these hardening cracks could start. But upon polish 


section of the bar stoek carefully and etching lightly in 2 
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Kig. 38—Photomicrograph of Average Structure in Sound Weld Speci 
Aleoholic Nitric Acid boo ig 0 Photomicrograph of Structure 
of Weld Specimen Etched in Aleoholic Nitrie Acid x 100 


per cent alcoholic nitric acid for two minutes the area shown it 


ig, oo became evident. Kurther investigation proved that thes 
areas were numerous in the bar stock. Metallographic examina 
tion made evident the banded structure shown in Fig. 36 whi 


was characteristic of the dark area of Fig. 35. The rest 


bar was not banded to any appreciable extent. 
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623 
this it Is quite evident that the cracks in the finished 
hich were revealed only by deep etching were due to the 


eat treating: necessary to attain a minimum hardness of 


scope and had: their origin in an unsound area in the orie 
stock. This investigation brings out two Important thines 
whieh have already received attention but which 


vestigated further, These are: ] 


should 
the danger ot drastie 


rdening without immediately tempering to relieve hardening 
strains and (2) whether or not deep etehine actually exaggerates 
nall defeet and magnifies it out of all proportion to its original 


portance and whether or not these small defects would be mae 
ed In importance, and thus made a basis for rejection. 


FAILURES Derk tro Wy LDING 


‘he art of welding especially of thin tubular products has 


rogressed to the point where it. is practically 100 


ft 


per cent per 
The perfection attained is so high that at present the welded 
iselage is standard in airplane construetion. Other applications 
welding in airplane and engine construction are too numerous 
ind too well known to demand further consideration, 


ere 
Failures 


le To improper welding in the construction of the airplane are 


\veedingly rare, when they do occur they are almost always due to 


e welder and seldom if ever have their origin in 


Ihe 


t the materials or 


1)? (H°OCSS, 


One or two Failures in a mil] Welded tube have occurred that 


varrant attention. For some construction the mill-welded tube 


nay be satisfactory: for the airplane however, it has been neces 


»~ 


sary to supplant this product by the seamless tube. Mig. 37 shows 


the failure of a shaft from a dual stick controlled airplane. This 


used to connect the control stick in 


the front coekpit with 
e one in the rear pit. 


The failure was transverse, but was ae 
ompamied by a longitudinal crack starting at the 
inning along the weld for a distance of 8 inches | ie, 


Che 


failure and 
37 
Specification for the mill welded tube states that ‘‘a test 
‘imen shall he crushed endwise until its outside 


“in one zone by 25 per cent or until one complete fold is 


The specimen must meet this test without ceracking.’’ The 
ition further states that one 
ih 100 feet of tubing. 


diameter is in 


Ormed 


fest specimen shall be taken 
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Three test specimens taken from this failed tub. 
crushing test satisfactorily and one failed. A compl eta 
graphic examination was then made, specimens being | 
tervals in the sound portion of the tube. Fig. 38 shows + 
structure of the weld. The structure IS homogeneous. 
the vrain SIZE not excessively large. Kie. 39 shows an area of 
weld which was decidedly unsound. An unsound ares cool 
this can be detected only by accident, either by metallow 
amination or by a crushing test. 


Krom the examination of this failure it. is evident 4 














sound areas may be present in a mill-welded tube and ) 


tha 
premature failure. It is evident that it is almost 


ImMpossibli 
detect a faulty tube unless the Inspector Is extremely lucky in p 
ing a test specimen that contains an unsound area. Since y 
welded tubes have been replaced by seamless tubes failures | 


naturally ceased. 
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DISCUSSION 






Written Discussion: By T. W. Downes, metallurgist, U.S. Nay 
craft Faetory, Philadelphia. 









In addition to being of considerable interest to the laymar 
reader because of the specific instances of failures of aircraft parts whicl 
described and analyzed therein, the author’s paper constitutes a valu 
tribution to this department of the literature in that practically 
known and suspected causes of failure of such parts are discussed. his s! 
be of great help to many whose work ineludes that of investigating failures 
stressed parts, particularly those who are Just entering or who are com 
tively new in the field of physical metallurgy. 


Most failures of aircraft engine parts, as pointed out by th t 






cur by fatigue due to repeated stresses. According to the condition ot 
part as regards internal stresses, the magnitude of the externally 


peated stresses necessary to cause failure in a given time may le 







small, Quenching for hardening induces internal stresses. Thesi 


progressively by tempering as the tempering temperature is raised, presun 
never being completely eliminated, so that there always remain internal stresses 


in hardened and tempered parts. The point is that it is easily possil 





probably often true that early failure of parts is promoted by the exist 
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sses Which act in the same direction as the externally applied 


Vv serving to amplify the latter. This condition may easily he 


ooked particularly in the ease of parts the hardness of which 


strength but in which are present: great stresses having 


n hardening and persisting because of Insufficient tempering, 


is mentioned the fallacy of developing by means of too dras 


nent a hardness greater than that ever intended for the partic 


steel, ou practice Frequently resorted to but Which cannot be too 


mined, 


on With the subject of Internal stresses and thei probable effect 


ure of parts subjected to vibration o7 repeated reversal of 


Interesting investigation in which the write! participated is 


of mention. The part under test was 4 streamline wire 


to have ‘* fluttered ’’ rathe) severely before failure and one 


work was to determine Whether or not Internal stresses ex 


wire, and if so, to determine the extent thereof. Several speci 
ten inches in length were cut from the wire and thoroughly couted 
One edge of each specimen was then cleaned of paraftine by 
+} 


e specimens were immersed in a suitable solution of nitric 


ghtly less than one-half of each wire had been removed. By wet 


r pickling the irregular edge left by pickling Wis 


I 


portion of the wire removed by both pickling and 


made smooth 


grinding was 


vy one-half. During grinding care was tuken to avoid heating the 


vas found that during removal of the one half of the 


. 


Wire the re 
ad nequired a pronounced bow, the thin 


the wire apparently induced stresses in the 


edge heing CONVEX, The 


streamline portion 


manifested by curvature when the wire Was split along its minor 


regarding the half-wire as a beam subjected to uniform bending 


lations indicated longitudinal COMpressive stresses in the extreme 


thin edge of the wire of over 50,000 pounds per square inch, Further 


showed that suitable tempering largely removed the stresses. An 
The exact extent to which the internal stresses figured in the fail 
vire is not hazarded but that these 


S [ loubted. 


contributed to the cause of fail 


Written Discussion: By Lieutenant 


Commander William Nelson (CC 
Ss. IN 


\lr. Sisco 's article on ** Steel nailures In Aircraft, ’? and re 


vetng very comprehensive in that. it vives definite indications of 


steel, from which all ought to be able to take a lesson. It is un 


Sisco could not go further 


into the failures of steels used 
oft 


f aircraft. The future undoubted]y holds a considerable 


regarding the use of steel In aireraft structures. Wood and 
lloys now form the major part of 


| 


structures designed and unde 
particularly the high tensile steels, 


are becoming of more in 
uireratt designer, 


‘ 


Opinion that the major developments of steels in the aircraft in 


exceeded the economic use of these materials, In other words, 
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there are suflicient TV pes Of steels to meet practieally every prol 


up. This would tend to indicate that the next steps ndvisablh 


sponsible for this great advantage, are to reduce the cost and 


materials that are now available. Minor improvements and yy 


In cost will undoubtedly carry a great weight. Naturally. ¢h, 
referred to partie ularly, ure those Which Will reduce steel failure 
There are a number of minor items Which warrant uttenti: 


on the whole are relatively neglected, all of whieh lead eventus 


in the material built into units, such as aircraft, The principa 


Classification are: 


(1) Unsatisfactory menuns of identification - 


( ) Lack of proper Inspection : 


(3 lmproper treatment. 


Careful attention to the identification of material afte; 
user is an absolute essential, in order to avoid the Incorrect use of ste 
quently happens that the markings on steels become erased by ¢ 


or by other Inewns, and that the part marked does not have th 


affixed in such a way that when a prece is cut all parts remain proper 
The identification frequently goes with the part to be used, leay 

ing plece unmarked in the storehouse, This leads to dangers 

tory means, and preferably au standard one, of permanently om: 

of utmost Importance, 

The introduction of the metallurgist and metallographer int, 
tion of steels is considered to be an absolute essential to the red 
failures. The ordinary Physical tests placed on specimens do not 
dicate full characteristics, so that failures will be obviated. Thy 
through his superior attention to details and his knowledge of thy 
be obtained, can Improve the Inspection of steel material, The insp 
steels under a glass in addition to the machine tests, is particularly 
in the alloy materials and demands the fullest consideration, 

The inspection of steels after they have been built into th. fini 
is relatively neglected. There are a considerable number of items 
pen during the operation of an airplane, which warrant 4 running 
fo avoid unnecessary hazards. A considerable number of standard 
have been in use by operators of aircraft, and the extension of the 
ures seems advisable, if we are to obtain all the information that com 
the observation of units in service, 

Mr. Sisco has given some of the results that com through 
heat treatment. It is believed that they are only a part of th 
treatments to which materials are subjected. Treatments inelude all 
of working of the material from the raw stock to the completed articl 
are many and varied, and quite involved in some cases. Full know 
what the trade is doing, will generally lead the manufacturer in th: 
rection, Pending full knowledge of the item under consideration, 
lieved that a conservative attitude towards the treatment of the 


should be followed. It is rather difficult to indicate definite exampl 





DISCUSSION 


cnses, on a study of this subjyeet, it: lias been 


too strenuously, resulting in undesirable factors 


ards which exist im aireratt are great without intro 

rds connected with faulty material or workmanship. It there 
those concerned to utilize every effort in reducing the chances 
res The stresses placed on alireratt struetures and engines 
vue must be given a position of major importance, Tt may 

ses that fatigue is the final cause of failure, whereas the original 
something else Complete analysis of failures in aireraft ma 


tmost importance to obtain the objeet lesson that undoubted|y 


not seem to be any doubt but what the atreratt industry will, 
wh development, cause improvements in the materials involved to 


inv othe industries, 


Written Discussion: By Horace C. Knerr, consulting metallurgical 


Germantown, Philadelphia. 


Sisco'’S paper is a valuable contribution not only to the aireraft in 


the entire metal-working field) because of its great educational 
ention of failures of metal parts im service, 
sual to meet with such a frank and comprehensive discussion of 
their enuse, with illustrative examples, even in the papers of the 
Society for Steel Treating, as ordinarily the latter have been re 
ome particular type of failure or phase of the subject 
ugh a prompt and thorough examination of failures that we care 
tine their cause. Onee that is done the prevention of a repetition 
ure is principally ao matter of intelligent engineering and con 
production 
vnifieant of the care exereised ino aireratt manufacture that 90 
the failures whieh do occur in metal parts happen during test, 
tests been omitted their study and cure would have been left to 
an accumulation of so-called ‘* practice’? experience, as is: still 
industries, The number of actual failures in serviee would have 
vreater and the cost in money and in lives vastly increased, 
ve another illustration of the indirect influence which aviation is 
exert on our habits of thought and in the development of ou 


LCTICesS, 
Oral Discussion 


SHEPHERD: Mr. Sisco showed a micrograph showing «a fillet of im 

It seemed from an examination of the photomicrographs at 100 

that it Was rather a question of an improperly machined fillet rathes 
nproperly shaped fillet, 

JONES: This interesting paper and the discussion pertaining 

significant im view of the great advances that are now being made 

pleation of the airplane to transportation. Consideration of the 


ies Of steels intended for vital parts, particularly of the engine, 
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must include the influence of the design as it may affeet the int 


produced by heat treatment, not found perhaps in the 


fatigue xs 
were the basis for the 














endurance limit used. Such 
factor of safety emploved., 





stresses pn 




















It would therefore seem of 





advantage to choose that 








Which would necessitate a higher tempering temperature afte; 














quench, to give 





ut required tensile and elastic value and ther by 





eliminating the internal stresses which may affect the 





( nduranes 
part in question, 








Mk. ‘HoLpDEN: | would like to ask Mr. 
method 























Sisco if he would 





he has found to be the best means for detecting hairliy 
eheeks in finished hard parts. 


















Author’s Reply to Discussion 





The writer wishes to express his appreciation to Messrs. J) 
















































































heat treated section used in military aircraft construction that 



































hard drawn will not fail under unrestrained vibration. It 





is onlv wl 





tion is restrained that failure oceurs. In all 











cases in our experien: 
epidemic of failures of streamline wire has occurred the trouble | 








is 


rected by redesigning the end fitting. 





An analogous instance of. ste: 











internal stress is some landing gear axles. These axles are hard 





tempered at 650 degrees Kahr, 





There are, no doubt, high inter) 
present in this particular member but 











on the other hand = thes: 
given ten vears of hard and satisfactory service on the old Army DH 
with practically no failures. 














Lieutenant Commander Nelson's discussion is especially pertiner 





present time when the aireraft industry has finally reached the stat 





ing a sizable tonnage of special steels, 





Needless to say, the inspection 
by Air Corps inspectors is probably the most rigid possible to give, | 








of that, as noted in the paper, considerable inherently bad steel, 





properly heat treated, or mixed in analysis finds its way into au 
struction. 








In the past, due principally to the relative unimportal 


craft, as an industry, the steel maker has not always offered th 








\ 


x 


Knerr, and to Lieutenant Commander Nelson for their written dis 
to the ones who participated in the oral discussion of the paper, 

The discussion by Mr. Downes on streamline Wire WAS especially 
ing in that it brought out a fact too little appreciated by users 
stressed, hard-drawn products; that high internal stresses may }y 
The U.S. Army Air Corps has been cognizant of this fact but has 
countered instances where failure of streamline wire could be ty 
tributed, to internal stress. Streamline wire is about the only hard-d 


li 


pered before use; that is beeause the practice used in manufactur 
is the only one now known that will produce the desired combinati: 
mate strength and resistanee to bending. 

Streamline wire failures in military aircraft are not frequent 
they do occur there are usually a number of failures on some specific 
airplane. Repeated tests have shown that a streamline Wire ev 


? 
( 


\ 


, 





Ww) 


S 


wst method we have found for detecting 


ny 


di 
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eration necessary to insure a uniform, quality produet The 


S 


vy has far surpassed the steel industry in this respect. Things, 


nproving and it probably will not be long before troubles due 


iMproperls heat treated steel will be over. 


*s GIScUSSION emphasizes the I pParta mes of the examination of 


relatively small number oceurring ino service compared with 
It goes without saying, of course, that we cnnnot afford to have 


es if if Is possible to avoid them and it is possible to reduce 


¢ 


es ton minimum by rigid and thorough testing. This is one of 


tions of the Materiél division at Wright Field. Mlany of ou 


ry severe ond are designed not only to secure performance data, 


etect any weaknesses In materials or design, 


to Mr. Jones’ suggestion for using steels which can be tem 


itively high temperatures ; 


this has been the policy of Air Corps 


There is verv. little high stressed, heat treated steel used ino an 


engine that is not tempered at SOO degrees Fahr. or above. 


hairline seams in crank 


ist 


high powered hand magnifier on the polished surface of the 


If the number of hairline seams is large a section is cut out of the 


onrse etehed in hot dilute hydrochloric acid. This etch will exag 


small defeet and will frequently enlarge very 


small seams so they 
lv detected. - Fig. 


16 of the paper is a section that had been coarse 
his purpose, followed by buffing with a wire wheel. That illustra 
wo these small defects are revealed, 
















By Cuirrorp C. Dur 


| bstrac f 


This pape r reports the re sults obtained hy pra 


methods in an investigation of irons and steels 





OUuS carbon conte nts and m Various conditions. 

It was found that in steels containing cemen 
drop in magnetism occurs from 150 to 220 degrees ¢ 
The author sets forth the hypothesis that carbon 
ble mn alpha ron hut carbide is not. 











iN 





In steels containing only martensite decreased im 
netism occurs at 300 de grees Cent, 








Vartensite is def 
as a crystalloid material which results when a solid 
lution in gamma tron is cooled at such a rate as 
mit the gamma iron to transform to alpha iron, but 
fo permit the alloying element to form a chemice 
pound ora solid solution as the case may be. 

stated to be a stable compound 

he mi pe ratiure S helow 7 {5 degrees rr nt. and wath ap ie 
carburizing heat treatment below this temperatirs 
may be converted entirely into carbide. 

















C‘ementite as 



















HIS paper grows out of the research conducted by the : 
on some of the allotropie properties of iron. There has 


some work done on the maenetic properties of iron and ste 








it was thought desirable to make a complete series of tests o! 





magnetic phenomena for various carbon contents and for vai 





conditions of the material, under carefully controlled condit 
so that 





the relations between the variables might be found 



































The figures appearing in parentheses refer > the 


boibobic 


hy vpouas ipopye 








MAGNETIC INVESTIGATIONS OF CARBON STEER, 


C‘onsiderable work has been done to account for the priv non 


at room temperatures, and on the basis of the observed 
theories have been set up by Ewing (1), (2), (3),' Weiss 
Beck (4 Honda (5), by an extension of the Weiss theory 


the magneton, was able to set up equations whereby he cer 





I) om 


al 
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ation curve ana the hi steresis loop with SOE devree 


rst curve to show the magnetism of a specimen when 

s due to Hopkinson. Ile found that when the tempera 

risen to Slightly below Ac, a great increase in magnetism 

and that a specimen of wrought irom was highly sus 

a Weak field as lone as the temperature did not exceed 

es Cent. 1427 deevrees Kahr). Roland b also found 

isceptibility for weak fields than for strong fields at high 

1) divided the magnetization curve into three parts 

ienetizing force was increased, The first part is charac 

vy a small change in slope. This is followed by a stage 

acquired magnetism with a steep slope, and lastly by a 

period of small slope as the specimen approaches saturation, 

whole curve becomes reasonable if we visualize a large 

unit maenets due to electron fields. When a magenetiz 

Is applied, the fields all tend to turn in the direction 

force, and as they turn into the field, if we resolve the unit 

into two parts, one parallel to the direction of the field 

e perpendicular to it, we will find that, assuming the angular 

tion to be the same for each Increment of magnetizing force, 

parallel component Increases In proportion to the sine of the 

of rotation, and hence, much more rapidly near the middle 
ladrant than at either end. 

What has happened when we subject the specimen to a low 

luring heating is that the unit fields have rotated as far as 


e able to with that particular force applied, and as we raise 


emperature, the internal energy increases until finally it 


such that the unit maenets are able to rotate into the 
the force, with consequent increase in magnetism, 
wever, 1f a medium strong field is applied the magnetism 
hain more or less constant until the critical range is reached, 
strong field is used, the magnetism will decrease even from 
mMperature, 
the Case of a strong field, the specimen IS thorough 


led at room temperature, and as we increase the energs 


the unit magnets are able to swine more and more 
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away from the impressed force 


With a Sradual decre: 
netism. 


In this Investigation the effort 
effect of held strength 
anomaly, since 


Was made to ej, 
as much as possible. This 
a field must be used to 


set Magnetism. 
held is used the m 


complicated by 
e critical range, and With 
the curve drops off or 


Inflection. It was the 


agnetic curve will] be 
In magnetism near th a very sj 
adually, Possibly maskine any 
aim to use such 
as will give a horizontal curve 
eliminate the Change 


a value ot held Sts 
for the most part, 
in slope due to the field. 
steel, an interna] magnetizing 
Will brine the 


and he, 
force of ten vilberts 
specimen wel] Up to saturation, and ¢] 
value aimed at. 

The effect of the free ends of the specimen must 
in determining the internal 


magnetizing force. 
is placed in a 


solenoid through whieh 
poles are set up on the 


If a straioh 
a current is flowing. 
ends of the bar IS 
the uniformity of the eld. The effect of 

demagnetizine factor, was determined by Morton 
results apphed to this work give 


7) per cent. This value 


\ 7 ° and 
a demagnetizine factor 
has been used throughout. 


{ 


Previous Work 
Benedicts and Dearden (8) reported the Investigation 
and steel] 
(752 degrees Fahr, ) 
tion at 130 degre. 


magnetic changes jn iron 
degrees Cent. 
‘Ss Cent., and at 210 degrees Cent. j 
of lowered magnetism. 
at 120 and 260 degrees Cent. and a gradual bending off of 
curve at 330 degrees Cent.. 
present author would point out two 
first place the method 


toriously sensitive 


il 


to outside influences. 
pressed field was only ten 
long by 1 millimeter 
a minute one. and, 
fluence of the field 

Honda (9) 


and, secondly, th 
salisses on a specimen 10 millimet 


consequently, brings in the effect of the 
, aS pointed out previously, 


noted a discontinuity in the magnetism of 





ISN aThnar 


thie Ine 
rOne f 


Lifts 


Kor host I’On a) 
Per centimes 
IS Was 7 
he CONSI(e 


Which serious|) dj ty 


. these Poles. Called 4 


of aly 









at temperatures below 4 
and find weak points of int! 


n the directio 
In the hardened State points Were fou 


indicating Joss Of magnetism. 1) 
faults in their work. In + 
used was the magnetometer, which js yo 


t 


in diameter. This means that the field w; 


s 
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t low temperature. In investigating twelve samples of 
‘rbon content he found that a magnetic drop occurred 
om temperature and 220 degrees Cent., with a maximum 
170 degrees Cent. The amount of the discontinuity present 
th the quantity of cementite present, up to about 0.80 
arbon. after which it decreased shghtly. There was no 


nding break in the curve for pure iron or for gray cast 


conclusion is reached that since the magnitude of the 
s dependent on the quantity of cementite present, that 
hecomes nonmagnetic over this temperature range, and 
proposes to call this point Ao. That this conception is 
will be shown in the progress of this work. 
CONS 


Test APPARATUS USED 
ralent 


wing, : \fter trying several different arrangements the following 
sly 


lipment was found satisfactory. One hundred turns of No. 16 
called 


chromium wire were wound directly on the surface of a 
and his li, by 12-inch alundum tube. The turns were spaced uniformly 

r of aby cept for a half inch at each end of the tube. This coil was 
ered with alundum cement and formed both the heating element 

the magnetizing coil. A ballistic galvanometer was used, and, 

order to eliminate thermoelectric effects, it was found necessary 

ace several glass rods lengthwise along the heating coil and 

pation the secondary on them. The secondary consisted of 120 
sof No. 18 copper wire wound on the glass rods, so that it did 


touch the furnace at any point. This eliminated the thermal 


helow 4 


ry 


s of infl 


e direct ‘ts in the secondary circuit, since there was some air circulation 


rere Tow 


veen the two coils. The secondary was cool to the hand at all 
rT o om . a 
On Ol es and the drift of the galvanometer was not more than 0.5 
IsSmh. 

k. In 


uch Is 1 


Pe th 


Timeter on any run. 

\ ballistic galvanometer was used to measure the flux. The 
trument had a period of 37 seconds, amply large for the size 
imens used. A deeade resistance box was used in series with 
valvanometer, to insure a suitable deflection. Deflections were 


a ground glass seale placed 30 inches in front of the 


nillimeters 


held Wis 


ent. The zero deflection of the instrument was checked 
ng the furnace with no specimen inside to determine the 


“changing current due to increased resistance of the heating 
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coil. Nickel-chromium wire has a small 


femperatur 
and the deflection dropped off less than 0.1) centiny, 


temperature increased, and since this is less than 0 


se * (Ant 


the total deflection with the specimen inside, it was ny 


Deflections were obtained hy reversing the heatiy 


with a double throw switeh, reversal being necessary 


{) t ? 


any residual magnetism in the specimen. 
The heating coil was connected through the doy) 
switch and a rheostat to the 115-volt direct current Jin 


was some doubt as to whether or not it would be 


CSN 


hecess 


correct the deflection for the current Howine at the 


Insta) | 


break, and careful measurement showed that. the 


eurrent 
constant enough to neglect this factor. 

Temperatures were measured by reading, on a potentior 
the e.m.f. developed by a thermocouple. An iron-constantan 
was used, which was standardized against the platinum, platir 


rhodium laboratory standard over the whole range, and 


‘1 
s % 


for the freezing point of sodium chloride, as a further preeaut 
Specimens in all but one or two instances were drilled 
their axes, and the couple placed in the center of the specin 
In a few of the specimens, the material was too hard to be drill 
and in these cases the thermocouple was placed in a recess 
In one side of the specimen. In nearly all cases the 
were 34-inch round bars, and were seven inches long. 
The test specimen and the thermocouple were placed ii 
furnace and the heating switch closed. Heating was carried 


slowly, so that uniform conditions throughout the specimen 





Spec ime 


obtained. After the magnetic critical range had been passed, | 


switch was left open, and then closed again as the specimen beca 


cool enough for each succeeding point. Each run required abo 


four hours from room temperature back to the lowest reading ta 
on cooling, 


Thermal e.m.f. was read every 0.5 millivolts over the ent 


range, and in the areas of rapid change the readings wer 
every 0.25 millivolts, about equal to 4 degrees Cent. Sma 
temperature intervals were not practicable, as the period 0! 


valvanometer was such that with a smaller interval, the mir 


did not come to rest before it became time to take the next read 


Knough resistance was cut into the gvalvanometer circuit to 





? 
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detlection for each specimen. The resistance used was 
for different specimens, since they varied in permeability 
come cases were of different size. It was found that a 
f 6.10 amperes gave a good rate of heating and that value 
throughout. 
magnetic curves were drawn with the millivolts repre 
temperature as abscissa, and centimeters detlection of the 


meter as ordinates. The magnetizing force given on each 


Mv 
vu 


Centimeters 
— Ty 
ns 


o 





a) 


20 2 2 i S io iS 20 2S 30 
Millive : Millivolts 


Cc 


netization-Temperature Curve Fig. 2-—-Magnetization-Temperature Curve 
H = 7.60 for Spheroidized Steel Containing 1.00 1 
1.10 Per Cent Carbon, H 7.60 

irve is the net internal magnetizing force after allowing for the 
magnetizing faecter. It was not thought important to determine 
elative values of permeability between specimens, so the gal 
‘anometer resistance was varied to give a desirable deflection. 
rhe essential points are the form of the curves and the tempera 
tures at Which the various points of inflection occur. The curves 
drawn as continuous lines, the small arrow head showing the 
lirection in which the curve is progressing. The only experimen 
points shown are those which did not fall on the eurve as 
lrawn. Dots represent points on heating, and dots with circles 


round them represent points on cooling. 


THE MAGNETIZATION-TEMPERATURE CURVES 


v. 1 gives the magnetization-temperature curve for a speci- 
en of commercial electrolytic iron. As had been hoped, the 
iwnetizing force was such as to keep the curve horizontal until 


ial range is reached. The drop occurs very suddenly im 


terial and then shades off to zero at 45 millivolts (778 
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degrees Cent.. 1435 degrees Fahr. The curve on eo 


near the foot, was so close to the heatine 











curve th, 











possible to draw two curves. Tests of ingot iron show ay 


identical curve. Specimens of electrolytic iron and 





+ 





ry 
() 








quenched in iced brine from a temperature of 1010 de: 


~r@es (4 





(1850 degrees Fahr.) show no appreciable difference 





Iron 


annealed specimens. 








The next series was made on 0.10-0.15 per cent carbon 
and gave curves similar to the above. 








Tests were made 
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Fig. 3 Magnetization-Temperature Fig. 4—Magnetization-Ter 
Curve for Steel Cooled in Air from 870 for Steel Quenched in Oil from 8 
degrees Cent. Carbon Content 1.00 to Cent. Carbon Content 1.01 
1.10 Per Cent. H 7.60, Cent. H 7.09, 






























containing 0.20-0.30 per cent, 0.40-0.50 per cent, O.80-0.90 








due to space limitations, only the 1.00-1.10 per cent series is sho! 





The discussion of the curves applies to all of them, however. 











first curve, Fig. 2, shows the material in the spheroidized co. 





tion. The curve starts out generally horizontal until about 
millivolts is reached, where the specimen underwent a decr 











in magnetism, not very pronounced but, nevertheless, present. 

















to be due to a condition approaching tempering, since it Was 














was much more pronounced in the hardened specimens. 


Fie. 3 shows the same material after being eooled in air 














cent, 1.00-1.10 per cent, and 1.30-1.40 per cent carbon. Of thes 


‘ 
curve then rises slowly until at an indefinite temperature near | 
critical range a sudden drop occurs. The material is nonmagne 
at 45 millivolts, but on cooling there is a pronounced lag in ! 


vaining its magnetism. The gradual rise in the curve was [ow 


creased by an increased field and not decreased, as we would th” 
op . > . rn ° yo ] 
if it were due to the effect of field strength. This rising si 
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~ Cent.. resulting in a sorbitie structure. In this con- 
point near 10 millivolts is more pronounced, but it starts 
ends later than for the spheroidized condition. Other- 
irve is similar to the preceding. 
same specimen, quenched in oll from S70 degrees Cent., 
») Fie. 4. The structure was troostite. The general char- 
wcties of the curve are the same, with a still earlier start and 
finish of the drop at 10 millivolts. 
specimen was then quenched from S70 degrees Cent. in 


and tested with the result shown in Fig. 5. The structure 


Centimeters 


40 4S 5 10 1S 20 25 30 35 40 45 
Millivolts 


Magnetization-Temperature Curve Fig. 6 


Magnetization-Temperature Curve 
Quen red in Water from S70 de 


for Steel Quenched in Water from 800 de 
Carbon Content 1.00 to 1.10 grees Cent. Carbon Content 1.30 to 1,40 
H 4.49. Per Cent. H 7.60, 


this specimen is martensite and the resulting curve is entirely 
S()-() 9) 4! ° ° qe : 
a litferent from any of the preceding. First comes a gradual in- 


rease until about 15 millivolts at 275 degrees Cent. (527 degrees 


()t ft 


eS 18 shor ‘ahr.). A more or less extended drop sets in, which is then 
— followed by the usual increase up to the critical range. This point 
dized cor is characteristic of all specimens containing martensite. It is first 
about seen In the 0.40-0.50 per cent carbon specimen. In those speci- 
deere mens which did not contain martensite the drop .at 10 millivolts 
resent. 1 is proportional to the carbon content for the same condition of 
Ire near | » the material. Specimens which contain both martensite and 
lonmagne! = troostite show both points, as is shown by Fig. 6, which is of 


150-140 per cent carbon, and contained both martensite and 


ve Low ‘arbides after being quenched in water from 800 degrees Cent. 

€ It Was © 1470 degrees Fahr.). Quenching this material from 1200 degrees 

” ent. (2190 degrees Fahr.) entirely suppressed the point at 10 

rising sli mulivolts, but resulted in the martensite point being more pro- 
i than ever. 


would tl ik 


rther tests were made on malleable cast iron. Fig. 7 shows 
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the curve for the unannealed material, and shows that 
at 10 millivolts is much greater, perhaps equal to 40 p 
the total magnetism. Each succeeCing run on the same 
a diminution of this drop, probably due to the contin 
pering of the bar. It should be noticed that in the st, 
is considerable lag in the regaining of magnetism, but very Jit 
lag in the case of the malleable iron. Further, this material does 


not become paramagnetic until a temperature of 815 degrees (eo 







Centimeters 








5 wo %& 20 28 DW 38 40 4 5 
Millivolts 


10 IS 20 25 30 35 40 As 
Millivolts 


Fig. 7 Magnetization-Temperature Curve Fig. 8——Magnetization-Temperature | 
tor Unannealed Malleable Iron. H 404 for Annealed Malleable lron, Water Que 
from 1150 degrees Cent. H 













is reached. The bar possesses a strong thermal critical point 

















790 degrees Cent., and it may be possible that high silicon has 
atfected the paramagnetic point. 





Kie. 8 shows the same characteristics in a well annealed bar « 
the material which was quenched in water from 1150 degrees Ceut. 
(2100 degrees Fahr.). Both points are well pronounced. Thi 
structure of the material is shown in Figs. 9 to 12.) The bar i 
the annealed condition gives the same kind of curve as does pur 
iron. 





DISCUSSION AND CONCLUSIONS ete 

The existence of a magnetic critical point near 200 degrees nitud 
Cent. in the direction of lowered magnetism was noted previously. need] 
This has been thought to be approximately proportional to tl | 
quantity of cementite present, and to mark the point wher er) 
cementite becomes nonmagnetic. eh 
This view is obviously incorrect, since it is shown that the becol 
magnitude of the point depends on the state of dispersion of the ivel 
carbide, being barely visible in the spheroidized condition and Chan 





amounting to, perhaps, thirty per cent of the total magnetism 1 
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graphs of Annealed Malleable Lron, Water Quenched from 1150 degrees Cent 
4 As Hardened. Fig. 10 Tempered at 260 degrees Cent. Fig. 11 Tem 
degrees Cent Fig. 12—Tempered at 370 degrees Cent, 


of large quantities of troostite, and increasing as We 


Case 
ipproach this condition. The point is entirely absent in martensite, 
li does not contain needles, and is present in decreased mag- 


vhie 
hd i 


nitude in the case of troostite, whieh does contain quantities of 


needles. 


It is well known that the susceptibility of iron compounds is 


very small and it is unreasonable to think that cementite should 


be highly magnetic enough to cause this large drop if it did 
Small pieces of rela- 


become nonmagnetic at 200 degrees Cent. 
tively pure cementite were manufactured by the method used by 
iarpy, and were not magnetic enough to be attracted by a mag- 

The evidence shows that the magnitude of the drop depends 
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not on the quantity of cementite present, but on the ares 








of that cementite in contact with the ferrite 

As to the exact position of the point the evidence 
conclusive. The start of the drop is rather indefinis 
begins earlier with the more disperse condition of th, 
The writer has taken the start as 142 degrees Cent. (oxs 


Mahr.). The end is also rather indeterminate, beino 












the more disperse condition, but a good value seems 


1SOo 


1300 







Temperature deqg.C. 





S. 
Carbon 


Modified Iron-Carbon Diagram 











degrees Cent. (410 degrees Fahr.). Honda takes 220 deer 
marking the end of the point. Thompson and Whitehead 
found two magnetic points in high carbon steels, one at 160 deg 
Cent., and the other at 200 degrees Cent. They were unabl 
decide whether they had observed the beginning and the end ol 

same phenomenon or marked different ones. It seems that 

correct view is that they observed the beginning and end of | 


same transformation. 







Mopiriep [RON-CARBON DIAGRAM 





Let us, for the moment, eliminate from the iron-carbon | 
gram both the A, and the A, lines, and, further, let us pro 





the cementite line according to the usual principle that th 
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nue in the same direction in the region of instability 
region of stability. Now there is left a straight ease 
| solubility of one element mm another, and we get the type 
shown in Fig. 18. Carbon will continue to separate out 
line ESN until it intersects the zero carbon axis. Note 
s intersection comes at 220 degrees Cent. Then here is 
of limit of solubility of carbon in iron, and it is the 
nt that we have determined magnetically. In other words, 
‘inity of 220 degrees Cent., carbon can go into solution 
but carbide eannot. 
modern conception of a eutectic or euteetoid is that there is 
on of disorganization several hundred atoms deep at the inter 
the two components. When the carbide forms at 743 degrees 
1370 degrees Fahr.) it is extremely probable that there 


rtain atoms of carbon which are so situated that they could 


eomplete molecules of carbide, and, consequently, were 


hanging mm space, as it were. When we heat a specimen 
igh this range these atoms go into solution in the iron in the 
i state, accounting for the decreased magnetism of the material 
vhole. When these disorganized atoms have gone into solution, 
irther drop in magnetism takes place until Ae, is reached, 
that the carbide is not soluble in alpha iron, 
Let us look at it from another viewpoint. Admitting for 
moment that the second point on the magnetie curve (300 
rees Cent.) marks the formation of carbide, and that the earbon 
irtensite exists as carbon and not earbide, the following con 
results. On tempering a steel the magnetism increases 
but if the steel is in the martensitie condition, some of 
arbon will continue to vo into solution until the martensite 
reached, and the magnetism will inerease more slowly 
reaching this point than after passing it, since after the 
lorms, none of it can go into solution. Inspection of Fig. 
nes this out clearly, where the slope before passing the 300 
point is much less than the slope after passing’ it. 
Incipient graphitization, which occurs on annealing white iron 
\c,, may be due to this carbon which did not form carbide. 
writer believes that were it not for the complicating effects 
carbide which forms at 743 degrees Cent. the limited solu- 


urve would represent the true course of events. 
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s. &. & FZ, 
THe A, LINE 


Due to the allotropic transformation from body-cen 


face-centered cubic, other complheations enter. Of 





present conception is that at 743 deerees Cent. the 






present forms austenite. It seems more in keeping with 





havior of other elements that this is not the ease. Alloviy 
ments other than carbon cause the A. line to 





oceur 






vressively different temperatures, and why should carbon 
exception? It seems reasonable to expect that in the absence 


carbide, the continued addition of carbon would 





Cause thy \ 
change to occur at progressively lower temperatures alone 
line GSY of the diagram. 







The heating curve of a specimen containing, say, O40 pe 


cent carbon, gives an absorption of heat at 748 degrees Cent 


thought to be due to transformation of the eutectoid 





present 
austenite. As we raise the temperature, ferrite continues t 


absorbed, until at Ac, it is a// in solution. But at Ae, 


distinct absorption of heat, and if the ferrite were all in solutioy 






We vel 









at this temperature, what is there to give the sharp break in ¢] 
curve? If the above is correct, all that can be expected is a slig 
change in slope of the curve. 

Conversely, on cooling, we get a distinct evolution of heat 


where, according to the theory, we have nothing to evolve heat 


al 






It is the author’s view that at 743 degrees Cent... all t! 


happens is that the carbide becomes unstable, and breaks up 
going into solution in alpha iron. Then at the proper Ac 
that carbon content, the whole mass changes to austenite. This 
conception was first suggested by Sauveur in 1906, and seems 
to have much merit, particularly in view of the heat effects 
mentioned. 






Note that this conception denies the allotropie nature of 3 
for hypoeutectoid steels, and this would be true for hypereutectoid 
steels. were it not for the fact that in these steels, when A 


transformation takes place, the material is already above its 









normal Ac, for that carbon content, and, consequently, Ac, takes 
place concurrently. 

With pure iron the change occurs at 900 degrees Cent., and 
with additions of carbon, at progressively lower temperatures. On 
passing the eutectoid point the carbon is no longer free to lower 





MillivolrTs 


temper 
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nt. sinee it exists as carbide, which is not soluble in any 
ron. 
; paper, then, takes the position, that cementite is a stable 


nd at all temperatures below 743 degrees Cent., and at all 


Millivolts 


”) 
+ 
0 
— 
? 
— 
- 
< 
~ 





g. 14——-(Left) Thermal Critical Point Curves of Annealed Malleable Iron 
Run Showing Absence of Aci Fig. 15—(Right) Thermal Critical Point 


Annealed Malleable Tron Second Run Showing Presence of A¢ 


temperatures above 743 degrees Cent., it breaks down into iron 
ind atomie carbon. Given time enough, at a temperature above 
143 degrees, this carbon will migrate and form graphite. Atomic 
arbon is soluble in any kind of iron, but carbide is not. 

The objection will be made that by heating a medium carbon 
steel to a range between Ac, and Ae,, it may be hardened. This 
objection is not valid, because if the carbide breaks down and 
forms a solid solution in alpha iron, this solid solution will be 
harder than the ferrite surrounding it. The hardening effect of 


Sone 


elements on forming a solid solution is hard to predict, and 
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it may be possible that the solid solution of earbon in aly 


very hard, even though it is not as hard as true martensit 





It is true that a change in the solubility of ear! 





place at Ac,. Consider the case of malleable iron, well an; 





In this material the iron exists as pure ferrite, and, consi 





should have no eritical points except Ac, and Ac, on heatiy 





Kies. 14 and 15 give the thermal point curve for a specimen , 





this material. We find no change in slope until the gradual qd 





in magnetism oceurs, with a maximum at 769 degrees Cent. (1415 





degrees Fahr.). Next there is another break at 788 degrees Cent 





(1450 degrees Fahr.), and that is all. 





On eooline there oecurs a break at SILO degrees Cent. 144) 


/6 





degrees Fahr.), which is dragged out in the characteristic manne 





of the allotropie change. Then at 732 degrees Cent. (1390 degr 





ahr.) comes the sudden evolution due to the formation of carbid 


(it 
iM 





What has happened is that as the material goes above 74 





degrees Cent., the graphitic earbon goes into solution in alp| 


iron, and as the concentration increases the point is reached whe 






Ae, takes place at a temperature lower than 900 degrees Cent 





This point is dragged out way up to 900 degrees Cent., due to th 





varying carbon content in the ferrite. On eooling, the revers: 





change takes place in the usual manner, with the appearance | 





Ar,, where the carbon which had been in solid solution formed 





carbide. 





It is necessary to enquire why the carbon did not go 





solution at a’ temperature below 743 degrees Cent., since If has 





been shown probable that the carbon solubility line does not sti 



























‘| 
abruptly at the eutectoid point. Now if at any stage of the heating wilt 
below Ae,, any carbon should form, it would effectually preven! omp 
any further solution of carbon. The process is analogous to Chea 
copper plating used to prevent case hardening, only here th th 
coating is cementite, which is stable and insoluble. 

It is often stated that no case hardening may be carried oul 
temperatures below Ac,, which means that no pearlite ma) 
formed. It is not true that no carbide may be formed at tem vi 
peratures below Ac,, as cementing has been carried out at tel nou 
peratures as low as 400 degrees Cent. When the carbide does ron 


form at these low temperatures, it is stable and may not be moved 
except slowly by the process of diffusion. 
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*hotomicrograph of Electrolytic Iron Cemented for 10 


llours ut . degrees 
Sodium Picrate K 250 Fig. 17 


Pure Cementit 500 Fig. 18 
ron Cemented for 10 Hours at 705 degrees Cent., Reheated to 


760 degrees Cent 
m Pierate x 250. 


That this is true may be seen from Fig. 16, which is of 
electrolytic iron, eased in ordinary barium carbonate-charcoal 


ompound for 10 hours at 704 degrees Cent. (1300 degrees Fahr.). 


Considerable carbide is present, but only one or two grains deep 
the material. 


PURB CEMENTITE 


When iron is exposed to a suitable carburizing agent at tem- 
peratures below Ac,, carbide is formed, but no solution of carbon 
in iron. This was shown by Charpy (11), when he found that 

wires and filings, placed in potassium cyanide for 100 hours 

bo0 degrees Cent., became 100 per cent cementite, the analysis 


Wing 6.72 per cent carbon. If carried out at a temperature 
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of 1000 degrees Cent. in a current of illuminating 
sultant product gave 8.32 per cent carbon, 7.66 per cen 
was in the state of graphite. 

Attempts were made to duplicate this on specim lar 


enough to obtain magnetic curves. Sodium cyanide wa 


sed 
a temperature of 7O4 degrees Cent. (1300 devrees Kah > 
results were only mediocre, as considerable oxidation WHs brougl 
about by the sodium carbonate, which formed in the lone period 
necessary. After heating for 144 hours the material consisted 
cementite and iron oxide. The wires used broke into too sma! 
pieces for magnetic analysis, but, as before stated, it was 
paramagnetic to be attracted by a magnet. Fig. 17 shows ¢! 


resultant product. 


It seems probable to the author that carburization cay 


carried out at low temperatures by carburizing agents which 


bla Vt 


a relatively stable molecule, but which is small enough to penetrat 
the iron lattice, such as CO and CN. Some of the molecules y 


break down and the carbon thereof forms earbide in situ. but 
solution had taken place. This is plainly shown in Fig. 18, whic! 
is the same specimen as Fig. 16, treated by packing in charcoa 
and heated to 760 degrees Cent. (1400 degrees Fahr.), and the 
cooled in air. The carbides are shown more diffused than in t! 


first specimen, but note the nitride needles coming from the ot! 


half of the CN radieal. 







\LAR'TENSITE 


The author has read the paper presented by Prof. Sauveu 
at the February, 1926, meeting of the A. Ll. M. E., and it is cer 
tainly true that the outstanding characteristic of the whole pro! 
lem is the wide range of opinions ventured. The present author 
is of the opinion that carbon is not necessary to the formation 
of martensite. 

If we take any material which forms a solid solution wit: 
gamma iron, and cool it at such a rate that the gamma-alpna 
change can take place, but also that sufficient time is not given | 
the stranger atom to adjust itself to the new condition, the r 
sultant product is martensite. Several instances of this are known. 


Sykes (12) noted it in the case of iron-tungsten; Bain (15) noted 


it in the case of iron-chromium, and the present author in the 


Case of iron-nickel. The product has the appearance of marten 
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» the microscope, and this is our usual, and, in some cases, 
means of identifying metallographie constituents. 

rtensite is not necessarily hard. It would depend on the 
the stranger atom: an atom nearly the size of the iron atom 
ive soft martensite and an atom radically different in size 
rive hard martensite. Tungsten and carbon martensite are 
but nickel and chromium martensite are soft. In the case 

nickel-iron, quenched from above the critical range, there is a 
lctinet ehange to the martensite structure, but only a small in 
rease in hardness. Further, these stranger elements may fori 
ompounds with iron, or they may exist in solid solution. under 
wilibrium conditions. 

(he most common conception of the cause of martensite hard 
ness is the fineness of the grain. Undoubtedly this is one of the 
ontributing elements, but it seems probable that strain enters in 
to a large extent. The X-ray diffraction pattern is clearly alpha 
ron, but the lines are diffuse. This may be brought about by 
extremely fine grain, or by warped crystal planes. It is perfectly 
possible to obtain martensite of such large grains as to be visible 
to the naked eve, although it is certainly true that most martensite 

fine-grained. A combination of the two ideas seems better to 
the facts. 

Density considerations lead to the conclusion that in carbon 

irtensite, the carbon atoms occupy the spaces between the iron 
itoms, and, consequently, it is not a true solid solution. Rather it 


s crystalloid, and the hardness is due both to fine grain and to 


varped erystal planes. 


Therefore the author concludes that martensite is a erystalloid 


material which results when a solid solution in gamma iron is 


led at such a rate as to permit the gamma iron to transform 
to alpha iron, but not to permit the alloying element to form a 


hemical compound or a solid solution in alpha iron, as the case 
} 
i\ . 


he author agrees that the so-called martensite 


ry) 
tile 


needles are 
irtensite at all, but are troostite. The needles occur at the 


enite grain boundaries and it is possible, that on quenching, 


1 
Oy] 


the austenite, when the allotropie change took place, was 


tuated that the carbon was able to form troostite, that is, the 
tion of earbide took place. 








Iron hen ( 
Iron when Cer t R 


Fig. 19-—Photomicrograph of Martensite Needles in Electrolytic 
Below Ae. < 600 Fig. 20-—Martensite Needles in Electrolytic 






It is perfectly possible to get martensite without these need 











and it is possible to get the needles without the formation 
martensite. Figs. 19 and 20 are of the iron specimens wh 
were heated in sodium cyanide, and at the end of fifty hours wer 
cooled freely in air. The structure shows many needles, exact 
similar to those found in martensite. This undoubtedly shows 
the presence of carbide in the needles. We must conelude. ther 
fore, that carbon martensite, often, and usually, does conta 


considerable troostite in the form of needles. 
















In the specimens 
of malleable iron quenched from a high temperature, many needles 
are present, and note that the magnetic curves for these specimens 
containing the needles also show the cementite point. This is 
added evidence of the troostitic nature of the needles. 

The foregoing conception of what happens on hardening 1's 
clearly demonstrated in the split Ar, transformation. It is tru 
for all alloy steels and for straight carbon steels when the rate | 
cooling is such that carbide formation oceurs first, thereby | 
mitting the allotropic change, only one point is seen, since ! 
carbon is in solution. When cooled more rapidly, or when mo! 
of the special element is added, the split transformation occurs 
and some martensite results. When the rate is such that no carbid 
forms, but the allotropie change is permitted complete martensitiza 


tion results and only one point is seen. If both points 
suppressed we get austenite, 
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Ar” point should be lower than the Ar’, since the two 

due to different causes. The Ar’ point marks the for- 
f carbide, and the Ar” point is the allotropie change. if 
ation of carbide is suppressed, the carbon will remain in 
and will depress the Ar” point along the A, line of the 


on diagram, resulting In martensite when the austenite 


rausform to alpha iron. In other words, the Ar’ point 1s 
\r,, and the Ar” point is really Ar,. 


The MaGnetic MARTENSITE POINT 


lt appears to the author that the evidence is conclusive that 


is no cementite in true martensite. ‘Tro date the evidence 


heen more or less indirect. From our maenetie curves. it 
14 


ld follow that if there is cementite in a finely dispersed state 


rrpca? 
hci 


‘tensite, the magnitude of the cementite point on the curves 
ould be greater than in the ease of troostite. The faet of the 
ter is that the point is gone entirely, but the initial magnetism 


ch less than in the ease of troostite, an indication of solid 


ition or quasi solid solution. 

\s those specimens containing martensite are heated to about 
degrees Cent., a discontinuous drop in magnetism oecurs, 
ch may be explained by the formation of iron carbide, the 


on of which was formerly distributed throughout the mass. 


(he exact position of the point is rather changeable, varying from 


7% degrees Cent. (933 degrees Fahr.) to 369 degrees Cent. (695 
vrees Fahr.), with 300 degrees Cent. as a fair average value. 
mparison of the curves with photomicrographs of the hardened 


‘mens show that the point marks the formation of troostite 


Ty 


om martensite. 


No evidence was found in the specimens that this point marks 


formation of troostite from austenite. This probably OCCULS 


lower temperature and is probably not a very abrupt change. 
\ny indieation of this change would be in the direction of increased 


etism. Some of the higher carbon steels. and the malleable 


in particular, containing large quantities of austenite, but no 
| points corresponding to its breakdown were found on the 


netic curves. The tempering process, except at the cementite 


martensite points, where they exist, is characterized by 
il increase in magnetism. 


a 
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The tempering process as shown by the magnetic 
very similar to that found by Fink and Campbell 
vestigating tempering with the X-ray. As the tempering 


) 





continued, more and more of the iron assumed the 


aimen 






of the alpha lattice, and in this work more and more o} i 

seems to become fully magnetic as the temperature is raised. siv 
Some very interesting magnetic curves were obtained h al | 

steels which bear out the conclusions above, but space is not ava sun 







able to discuss them. 








SUMMARY OF RESULTS 






1. On heating steels containing cementite, a drop 





Ih Mav 


netism oceurs in the range from 150 to 220 degrees Cent. Bor) 











ends of the range are indefinite, the drop being more pronounce: " 

and extending over a wider range, as the dispersion of the carbid 

increases. The hypothesis is set up that carbon is soluble in alpha Ri 

iron, but carbide is not, and that the drop in magnetism is due { 

certain atoms of carbon, which did not form carbide, voine jy 

solution at this temperature. ai 
a In steels containing’ only martensite, the previous pout 

is missing, but a new one oceurs at 300 degrees Cent. This js | 





in the direction of decreased magnetism, and corresponds to th: 





formation of iron carbide, coincident with the formation of troostit: 
from martensite. 






) 


3. Martensite is defined as a crystalloid material which re 





sults when a solid solution in gamma iron is cooled at such 





rate as to permit the gamma iron to transform to alpha iron, but 





not to permit the alloying element to form a chemical compowy 
or a solid solution as the case may be. 





$. Cementite is a stable compound at all temperatures below 





743 degrees Cent. (1370 degrees Fahr.), and with proper heat 





treatment below this temperature, iron may be converted entirel) 





into carbide. 





The author admits that much of the above is somewhat radical 





but it is all based on an effort to make carbon behave the same as 





other elements do, in its relation to iron. It further seems that 





the time has come to change the nomenclature of the eritical points. 





They do not always occur in the order Aec,.,, or Ar,,.,,, but may 


occur in any order. Some better method of identification 1s ne 


> , 








MAGNETIC INVESTIGATIONS 651 


| the author sugvests Ae, and Ar, for the bodyv-centered- 


a for allotropic) ; A, (m from magnetic 


Tit 
Ll 


tered change, 
magnetic change, which is pertectly reversible, and, con- 


needs only one sub-seript; and Ac,, and Ar, (p from 


v, 
This nomenclature will effectually 


for the present | 
what occurs at each temperature, and will eliminate 
itv. The method is suggested as a means of eliminating 
derstanding. 
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THE APPLICATION OF SCIENCE TO THE st; 
INDUSTRY—SECTION II 


By Dr. W. HH. TLaretenp 


Lbstrae [ 


Nice the ve liability ol finished steel produ 
SO depe nee ni Oil Lhre characteristics ol hie bnqot 
which lhey adie produced, thas enbere sechion 


voted to a consideration of tngol plakoung. Report 
mvestigations of ingots made by the lron and S& 


Institute Committee are given. Diagrams are sho 


of angolt molds of present British design. Photoma 


graphs and sulphur prints ol sectioned Mmgotls are g 


INGor MAKING 


e oo characteristics of the ingot determine to a large d 
homogeneity and reliability of the ultimate product. Th 
steel is poured into the mold and freezes. It is indicative of 
present state of knowledge that simple though the mechanisn 
the freezing may appear, yet it is a fact that the knowledge of} 
operation of physical laws and of the modification of the phys 
characteristics of iron and its alloys at high temperatures, are ) 
sufficiently complete to enable a final and satisfactory pi 
he drawn of the actual process ot the freezine of the ingot. | 
such an understanding is obtained, technical achievement 
eards the quality of ingot, is limited. This position of affairs 
realized in Britain some few years avo, and an influential Lron 


Steel Institute Committee is at work composed of representatives 


the steel industry, of science and of the services. wo report 


have already heen published, to which reference should be mad 
Some thirty-two steel ingots, varying in weight from 14 ewts 


172 tons, have been studied. These ingots have been sectioned 


the nature of the distribution of the various elements determine 


Report of the Committee on Heterogeneity of Steel Ingots, Journal, I 
Institute, 1926 and 1928 


This paper 1s the second section of the third Edward De Mille | 
Memorial Leeture presented before the tenth annual convention of t 
held in Philadelphia, October 8 to 12, 1928, which is being published 
sections in consecutive issues of TRANSACTIONS. The author, Dr. W. H 
field, is direetor of the Brown-Firth Research Labortories, Sheftield 
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and form of segregation, and-the form of internal eay 

her due to shrinkage or to the evolution of @as disclosed, 
dequate knowledge of the mechanism of the extraction of 
the freezing steel by and through the mold cannot be 
understood until the physical constants of the mold ma 
aring upon the matter, have been determined for the tem 
es involved. Enough has already been said to indicate 
how extremely complex are the phenomena with which one 
eal in endeavoring to provide a reliable pieture of the 
of the ingot: and it is clear, therefore, that both the de 
the ingot and of the mold has been heretofore, and is, in 
even at the present time, definitely empirical.  llowever, 
progress has been made, and this ean best be exemplified by 

es drawn from the reports of the committee referred to 
? is a photograph of a carbon steel ingot made many 
‘o, Which was studied by the Committee as being repre 
ve of an extremely large tonnage of the ingots whieh used 
produced prior to the imereased appreciation of the effect 
design of mold upon the characteristics of the interior of the 
ot. If was cast from the bottom in an octagonal chill mold taper 
from 148, inches across the flats at the bottom, to 1014 inches 
oss the flats at the top. The mold was close topped and for the 
reater part of its length was 3 inches thick.7® The weight of 
ingot was 23 ewts. It will be seen that the major portion of 
ivity is contamed in a space within a foot of the top of the 
rot, but that small shrinkage cavities extend down the whole 
ngth to within 12 inches from the bottom. As regards the pro 
luction of ingots from properly ‘‘killed’’ or piping steel, the Com 
mittee found that ingots are now being almost invariably pro 
wed with the bread end at the top, the narrow end at the bot 
vith adequate arrangements for refractory lined feeder heads 

ensuring the feeding of the invot proper, free from defects, 
Solid carbon and alloy steel ingots produced from ‘‘piping’’ 
|. and non-solid ingots typical of the large tonnages of mild 
have been studied. Typical examples of this work will shortly 
ven, but the author would here like to indicate some of the en 
ntered difficulties in the way of the solution of the general 


em, particularly from the quantitative point of view. <A 


Report of the Com ttee on Heterogeneity of Steel Ingots, Journal, Tron 


1928 . 
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Fig. 2 (left)—Photograph of a Carbon Steel Ingot Representative of Ing 


Produced Prior to the’ Increased Appreciation of the Effect of Design 


Molds Upon Characteristics of the Interior of the Ingot. Fig. 3 (right) 
Photograph of a Typical Medium Sized Ingot Studied by the Committee 
Ingot was Cast in a Chill Octagonal Mold. 
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Oy Be Fs 
typical instance may be given in that it was necessary 
the pure zone of steel oceurrine toward the bottom o| 
along the central axis. Various explanations had bee) 
ward; one school of thought considered that as a result 
ential freezing, crystallites of steel, purer than the remai) 
steel, fell and accumulated toward the bottom of the In 
ful consideration of data extant clearly showed that 

had long been held that the change over from the liqu 
solid state was accompanied by a definite increase in de) 
such a view is at the moment only surmise. Researches are }y 
conducted both by Dr. Benedicks in Stockholm, and by Prof 
Desch in Sheffield, to settle the matter. Another school o| 
based its explanation upon the effect of the temperature erad 
upon the concentration of the solute in the liquid steel fron 
central axis to the freezing wall, i.e., the Soret effect: b 

knowledge of the quantitative value of this effeet in liquid ste 
unknown, whilst, incidentally, the experimental method of d 


mining the temperature gradient still remains to be worked 
and it is required to devise some means of providing the data 
plotting the increase in thickness of the freezing walls of th: 


ng 
against time. 

The change in the viseosity of liquid steel with falling temp 
ature is not known. The liquidus and solidus of each type of cor 
mercial steel, as a result of the committee’s investigations, has | 
some time been the subject of research under the direction of Pr 
fessor Andrew of Glasgow. The effect of differential freezing 


not be envisaged in the absence of such data. 


As typical of medium sized ingots of this class of steel studie 


by the Committee, a 25-ton ingot dealt with in the First Report ca 


be instaneed.7* (Figs. 3 and 4). This ingot was east in a ¢| 
octagonal mold, the weight being 24 tons 17 ewts., and it 
ured 43 inches at the top of the chill and 40 inches at the botton 
In considering the results of the investigation of this ingot 

interesting to be able to state that information was supplied 
the Committee which is very helpful. 


at the time the additions of manganese and silicon were mad 


the furnace. No aluminum was used. The steel on leaving th 











7Example 12, First Report of the Committee on Heterog 


ogeneity of Steel Ing 
Iron and Steel Institute, 1926. 





L meds 


The steel was made in thi 
acid open-hearth and the SiO, content of the slag was 56.5 per cen! 
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temperature of PS94 degrees Fahr. (1590 degrees 
at the time of teeming into the mold had a temperature 
804 to VSI3 degrees Kahr. (1540 to 1545 degrees Cent. 
minutes were taken in filling the mold, the average speed 
the rate of 1.395 tons per minute. The ingot was sectioned 
central axis and the section thus obtained was eround 
hed. In this condition the chill portion of the ingot was 
shrinkage cavity, with the exception of perhaps a little 
ot structure coincident with the upper portion of the 
» result of etching with 5 per cent nitric acid in water, 
re and orientation of the segregate was disclosed as il 
This section was subsequently drilled at vari 
nositions and the composition determined as disclosed in Fig. 
Here. therefore, 1s an indication of the type of heterogeneity 
) exists ina 2d-ton ingot when cast under what must be con 
red extremely satisfactory conditions from the standpoint of 
present knowledge of the physical chemistry of the acid open 
rth process. 
In Fies. 5 (a) and (b) and 6 (a) and (b) will be found 11 
tions relating to two very interesting ingots cast from nickel 
nium steel. 


Vhey were intentionally prepared from the same electric fur 


eat. The cast weighed & tons 10 ewt., and four ingots were 


all in molds ot the Same desien. They were numbered A, b, 


and D) in the order of teeming; ingot B was selected as Example 


and Ingot D as Example 20. At the moment of tapping, the 


re 


and slag analyzed as follows: 


Per Cent Slag 
O.29 SiO 
0.42 KeQO 
0.27 Al,O 
0.016 i" Se 
CP a ae ‘ . 61.42 
1.38 | 
1.4] “eee 8.14 


\ reducing slag had operated for some time prior to finishing. 


time taken to pour the steel from the furnace was 2 minutes 
‘conds. After 2 minutes 27 seconds had elapsed, the Ingot 
teemed over a period of 3 minutes 40 seconds with a 


ples 19 and 20, Second Report of the Committee on Ileterogeneity of Steel Ingots 
fron and Steel Institute, May, 1928. 





658 TRANSACTIONS OF THE A. §. 8. ry. 
*4-inch nozzle. After a lapse of 


1S seconds. ingot R 
in 3 minutes 40 seconds 


with a 34-ineh 


nozzle, 95 
Was commenced, and 
A special double nozzle 
last ingot D was therefore 


Se 
the teeming ot ingot 7 Was fin 
minutes 55 seconds. 


Was being 
and the 


teemed, after a lans 


aver 
Grow 


‘TVSTZ 






‘olum 
Ones 
the lo 
porti 
erysti 
erysti 
selves 
PSeuc 
(b) tends 


Diagram Showing Chemical Analy 


mitte 
ses at Various Points on Two Nickel-Chro 
mium Steel Ing 


gots. disc le 
migh 
seconds, with a ] 


Anot 


Was | 


-inch nozzle over a period of 2 minutes 10 seconds 
The temperature of tapping into the ladle was 
degrees Fahr. (1595 
average temperature during 


the steel during 
determined as 2903 degrees Cent.) The 
the teeming of ingot B was 2804 
degrees Fahr, (1590 degrees Cent.), whilst that of ingot D was 


“822 degrees Fahr. (1550 devrees Cent.). It will thus be seen 
that ingot B was cast much hotter 


and with a smaller nozzle than 
ingot D, and as these were the only variables in regard to the tw: 
ingots, a comparative study 


is of interest. Owing to the compo 
sition of the steel resulting 


in pronounced air-hardening charac- phe 1 
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it was necessary to anneal the .ingots before sectioning 
axis, and this was done by heating to 1562 degrees Fahr. 
rrees Cent.), and then very slowly cooling down in the 
The feeder heads were then removed. After longitudinal 
ns had been prepared along the axis, exposing the exact 
planes of the ingots, the surfaces were ground and polished 
nd then etched with 2 per cent nitric acid in water. The macro 
tures thus produced lent themselves indifferently to reproduc 
so it was decided to reproduce the comparative crystal 
iwtures of the two sections. This was done by laboriously trac 
from the macrophotographs the boundaries of the primary 
rystals, with the results shown in Figs. 6 (a) and (b). It was 
hoped that this comparative study would throw some light upon 
the mechanism of freezing. 
lt will be seen that in each ingot there is a well-defined outer 
aver of the first metal to freeze, consisting of very small crystals. 
Growing from this layer, in ingot B is the region of columnar 
rystals, which tapers off towards the top of the ingot. These 
olumnar crystals are absent in ingot D. Two important central 
ones occur in both ingots, a zone of uniformly small crystals in 
the lower portion, and another of very large crystals in the upper 
portion. In the ingot D, cast at the lower temperature, the small 
crystals extend much higher up the ingot, and the zone of large 


‘rystals becomes much smaller, as, indeed, do the crystals them 


It is appreciated that the crystals disclosed are probably 
pseudomorphs of the original erystals. 


selves. 


Kven the latter statement 
tends to be controversial, and it was not the intention of the Com 


mittee to discuss the theoretical implications of the data here 


disclosed. 


It was suggested that the outer shell of small crystals 
might be due to modifications resulting from the annealing process. 


Another ingot in the ‘‘as cast’’ state, and of the following analysis, 
was therefore selected : 


Per Cent 
Carbon 0.3] 
Manganese 
Silicon 0.27 
Sulphur 0.014 
Phosphorus -... 0.020 
Nickel 


{he ingot was of square section, 12 inches square at the top of the 
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Fig. 6—Photograph Showing Primary Crystals as They Were Traced from 
Photomacrographs, 
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Photograph of a Portion of the Fracture Made Across the Middle of the Ingot. 


‘hill portion, and 10 inches square at the bottom; it was east with 


a refractory-lined feeder head. This ingot was fractured cold, 


as shown in Figure 7, which is a large seale reproduction of a 
portion of the fracture made across the middle of the ingot. It 


will be seen that the existence of the outer zone of small erystals 


; confirmed, and that growing from these there is a layer of the 


‘columnar erystals. As a matter of interest one of the middle pieces 


of the ingot was used for further study. This piece of ingot was 


next annealed at a temperature of 1202 degrees Fahr. (650 degrees 
Cent.), and a transverse fracture obtained 


from the middle of 
the 


piece, with the resulting structure shown in Fig. 8. From this 


will be seen that it is the primary erystallization which is still 
apparently responsible for the form of fracture. 
These examples suffice to give an indication of the charac 
eristics of earbon steel and alloy steel ingots, when produced from 
the type of steel which freezes solid, so essential in the production 
highly stressed forgings and similar steel products. 

In Figs. 9 to 12 two examples of ingots are quoted from the 


ond Report of the Committee, which illustrate th 


Se 


character 


of the interiors of ingots representative of the very large 
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¥ Fig. & Photograph of the Transverse Fracture of the Piece of Ingot After Annealing at 
a Temperature of 1202 Degrees Fahr. (650 Degrees Cent.). 
tonnage of mild steel material used for general purposes. The 
ingot illustrated in Figs. 9 and 10 is an ingot of mild basie steel" 
of what is known as the rimming type. This steel on leaving the 
furnace, had the high temperature of about 2975 degrees Fahr. 
(1635 degrees Cent.). It will be noticed that no attempt is made 
to feed this type of ingot solid, and that evolution of gas during 


freezing is largely responsible for preventing the formation of 
pipe. The macro-eteching of the section of the ingot in Fig. 9 (a 

clearly indicates the distribution of the gas holes, and quite clearly, 
in steel of this type, owing to the high temperature at which it 1s 
worked, and the carbon content, these holes are expected to weld 
up. The sulphur print shown in Fig. 9 (b) discloses the interest- 


Example 24, Second Report of the Committee on Heterogeneity of Steel Ingots, / urnal 


Iron and Steel Institute, May, 1928 
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Fig. 9—(a) Photomacrograph of a Section of the Ingot Described Showing Dis 
tion of Gas Holes. (b) Sulphur Print Showing That There is a Definite Zone 
taining Lower Sulphur Content Than the Remainder of the Ingot 
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that there 1S a definite thick external zone of the ingot, 
sulphur content is at lower value than in the 
ingot and this is confirmed in Fig. 10 

This particu 


a 


yortions of the 
earbon and phosphorus contents. 
8° Figs. 11 and 


The other example, 


irds the 
yeighed 3 tons 1 ewt. 
weighing 6 tons 15 ewts., of low carbon acid Siemens 


ngot 

| and here, in large measure, the same remarks apply. 
vards this type of steel which, it must be confessed, rep- 
lk ol the mild steel produced in all countries, whilst 


hha 
1] 


+ but appreciate the fact that owing to the excellent 


properties ot 
tions, the steel in 

product, proves good enough for its purpose, yet 
the back of one’s mind, the hope that it 


such low carbon material and the economic 
the rolled condition with its high yield 


inished 
but 
‘ingots of the same high standard of characteristics as is 


] nol 


have at 
mately be found practicable to produce even this type 


a} 

n the best type of forged ingots. 
Generally reviewing the characteristics of ingots disclosed by 
ork of our ingot Committee, it may be said that when steel 
es it does so by a process of differential freezing. Conse- 
ently, no ingot is uniform in composition. This heterogeneity 
vards composition is definitely found to increase with the 


so mueh so that in some of the largest ingots 
» tons 


ss of the ingot, 
1 by the Committee, ingots weighing from 100 to 17 
can safely be said that the variation particularly as re 


earbon content, Is So considerable as to necessitate the 
of the 


1ledc 
il t 


the effect 


as the 

ne engineer taking into consideration 
on of the carbon upon the strength of the material. The 
r and phosphorus were also found to vary within wide 
\s regards the special elements, it was found that nickel 


fairly constant through the mass of the ingot, chromium 


ned 


ed definite evidence of segregation, whilst molybdenum, where 
However, 


showed a very definite tendency to segregate. 
t running to greater leneth, the author feels that he cannot 
ter than recommend anyone, interested in steel ingots, to 
e Reports of the Committee, in which will be found, care- 

32 ingots of 


stated. the results of the examination of some 


ng types and sizes. 
27, Second Report of the Committee on Heterogeneity 
1928 


Institute, Mav, 





Fig. 11—(a) Photomacrograph of a Section of the Ingot Described 
(b) Sulphur Print of the Ingot Described. 
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The Committee has decided not to attempt, for th 
a pieture of the mechanism of freezing, and the auth 
he will be wise if he adopts the same attitude. 

One point can, however, be touched upon, and 


undoubted fact that the higher the proportion of 
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Dimensions Given are the Cold Sizes 
of the Ingot and the Mould 










Fig. 18 —Diagram of Ingot and Mold 
Design. 









inclusions in the steel, i. e., sulphide, silicates and oxides, th: 
serious do the results of local segregation, i. e., ghosts, becom 
It is undoubtedly a fact that particularly when casting lars 
masses, the sulphur should be kept as low as possible, and th 
steel should be produced by one of the processes which en CS 
the deoxidation to take place in the steel making furnace 
maximum degree possible. 


The casting temperature and speed of teeming should 
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explored as regards any particular type of ingot, and 


et conditions are established, should be rigidly adhered 


ards the design of mold, it may be said that with regard 


of ingot necessary for forgings and high elass work, 


yr ss 
LLAMA bh hd 


Section ut A-B 


Dimensions Given are the Cold Sizes 
of the Ingot and the Mould 


Section at C-D 
of Ingot Mold of Present’ British 


s has now become reasonably stereotyped and examples of present 
british designs will be found in Figs. 13 and 14. Such matters 
s the optimum thickness of the wall of the mold and the degree 
per most likely to give the best results, are difficult to fix, 

oth the type of steel and the layout of the heterogeneity 


mand variations in these respects. 


l'o he continued Lit May LS SUE of TRANSA( rIONS /) 
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THE STABILITY OF METALS AT ELEva 
TEMPERATURES 


By Chaupe L. Chark AND ALBERT EK. Wryr 
Abstract 


This resedre hi tas wnde rlaken lor thee Purpo 
answering three questions: first, what re lation. if 
erists between the results obtained = from short 
tensile and long-time creep tests; 


hactors affecting the stability of metals at elevated 


‘h 


ED 








second, what or ay 


peratures; and third, what mathematical relations), 


erists he tere cil the variable Ss encounters dl 
testing. 

In regard lo the first, il has heen 
whether or not any relationship exists between thes: 


forms of testing depends entirely upon the te mperatur 


range being considered. 

In regard lo the second, if has hee Hl concluded fh 
stability may be increased by increasing the streng! 
al the ue ake st phase prese ne. That abore tlie 
cohesive temperature, the amorphous phase, is | 


weakhe iS whale below, the crystalline phase is the wed 
ol the two. 


‘4 


In Me gard lo the third, mrathe matical equations hav 
{ | 


heen developed connecting together stress and tim: 


ta long ane 


Cont licle ad tha 


/ 


pitt 


hie 


i) 


any particular temperature and any particular meta 


RING the past few years, considerable time and 


have been expended by many investigators in studying 


lor of metals at elevated temperatures. This interest 


pertaining to the elastic and plastic nature of metals. Viewed 


lesire to raise these temperatures still farther. 





A paper presented before the tenth annual convention of the 
held in Philadelphia, October 8 to 12, 1928. Of the 


authors, 
rs of the society, Dr. Albert Kk. White is director of | 
h, and Dr. Claude L. Clark is holder of the fellowship in met 


established by the Detroit Edison Company, University of Michig 


Michigan, 
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been due partly to the demands made by the various industries 


for information on this subject, and partly to theoretical considera 


from the practical standpoint, even though operating temperatures 
have risen to such a point that many plants are now working al 
temperatures that were unthought of only a few years ago, ther 
Before this 


Can he safely done, however, more exact information must 
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varding the behavior of metals at elevated temperatures, 
when subjected to continuous stresses. 
of the outstanding problems at present involved in the 


tals at elevated temperatures are, (1) the development 


time test for determining the load-carrying ability of a 


elevated temperatures, and (2) the determination of the 


various alloying elements upon the the high-temperature 
ty of alloys. 
iderable work has already been done on the determination 
oad-carrving ability of a metal when at elevated tempera 
Up to the present, however, the only sure way of accom 
this has been yy means of long-time creep tests, Since these 
equire a considerable amount of time, efforts have been made 
results obtained from these tests with those obtained from 
isual short-time tensile tests. None of these attempts have been 
successful. In facet, there is still some question as to whether 
any relationship really exists between the results obtained 
these two different kinds of tests. 
The second of the two problems has, so far, received but little 
tical attention. It is true that a large number of high 
perature tests, both short-time and creep tests, have been con 
don various alloys and a large mass of data collected, but 
s$ no attempt has been made to explain why certain results 


been obtained. ‘Thus investigators have found that additions 


hromium increase stability considerably, while nickel has a very 
influence, 


but no hypothesis has been advanced to account 
lis phenomenon. It is clear that, if alloys are to be made on 
entific basis for high temperature duty, it will be necessary to 
mine the influence of each element upon the stability. Only 
this way can the correct combinations of alloying elements be 


entifically obtaimed., 
lhe present investigation was undertaken with a view to 
hing data which might throw light on both of these problems. 
hoped that on the basis of the data obtained for long-time 
sion tests, some means might be determined for arriving at a 


thematical interpretation for expressing stability of metals in 

of short-time tensile test data. Were these findings subjected 

mathematical interpretation, then the amount of data necessary 

fain the effect of duration. temperature and stress would be 
illy reduced, 
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With a view of obtaining the necessary data for suc} 
tion, short-time tensile and expansion tests were conducted 









1) 
carbon steels of tubular form and on Enduro, an alloy - 
approximately 17 per cent chromium and under 0.10 si 
carbon. The carbon steels were chosen, not because it was felt tho 
offered possibilities at the higher temperatures, but becaus, oa 
represent our most common type of steel. Enduro metal was —_ 
as a typical example of an alloy steel in which the alloying elemen 


insofar as possible, unites with carbon to form complex carbides 

The original results obtained from these tests were then treated 
mathematically and found to be expressed correctly by means of a 
formula of the following type: 


in which y stress in pounds per square inch, x duration in 














hours, a and b == curve constants. 

The findings from the expansion tests appeared to suggest 
that properly determined proportional limit values at tempera- 
tures above the equi-cohesive temperature, 842 degrees Fahr. (450 
degrees Cent.) for plain carbon steels,’ and up to at least 1250 
degrees Fahr. (677 degrees Cent.),? and at least to 1500 degrees 
Kahr. (816 degrees Cent.) for Enduro metal,? can be used as a 
criterion for stability up to a period of 10,000 hours. 

A theory is advanced explaining how metals fail at elevated 
temperatures and why certain alloying elements tend to increase 
the load-carrying ability of the metals to which they are added. 
The conclusion is advanced that the two causes of increased sta- 






bility of metals when above the equi-cohesive temperature are: 


1. An inerease in the amount of crystalline material as com- 










pared to the amorphous material. 

2. The formation of compounds which precipitate at both 
the grain boundaries and within the erystals of the matrix, which, 
in consequence interferes with the plastic flow. 

A brief survey of the literature on long-time tests, indicates 
that two schools exist :—the one believing that there is a limiting 
stress below which creep will not continue up to fracture; the other 


‘This equi-cohesive temperature is taken as the lowest recrystallization temperal 
Jeffries and Archer—Science of Metals, pp. 86 and 166, 





*The conclusions are limited to these temperature ranges because no experimenta 
was conducted at higher temperatures, 
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t creep will occur at any stress for a given temperature 
y varying rates. When it comes to defining the critical 
below which creep will not continue until fracture 
rst school is divided into the following three classes: 


se who believe that this limiting-creep value approxi- 
nates the proportional-limit value as determined in the 
isual short-time tensile test. 
(hose who believe that this limiting-creep value, within 
certain temperature range at least, approximates the 
iltimate-streneth value, or some definite fraction of this 
value. as determined in the usual short-time tensile test. 
Those who have made no effort to relate this limitine- 
creep value with the values obtained in the usual short- 
time tensile test. 


Considering the methods of expressing test data used by the 
is investigators in their attempts to determine the existence 

non-existence of limiting-creep values, the following systems 
tting are found to be typical: 


Stress versus time. 

Creep versus time. 

Rate of creep versus time. 

‘Temperature versus time. 

Temperature versus logarithm of time. 

Stress versus logarithm of time. 

Square root of stress versus logarithm of time. 
Stress versus logarithm of the rate of creep. 
application of two or more of the above methods to 
test data often leads to conclusions that are directly 


to one another. This is not due to the mathematics 


nvolved but to the facet that sufficient test data are not obtained 


warrant the extensions and extrapolations that are often applied 


Tl 
f 


urves obtained by the above methods. 


METHODS OF PRESENT INVESTIGATION 


the purpose of obtaining data for the determination of 


cal relations between the results from long and _ short- 


work was done on two grades of plain carbon steels, one 
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vrade containing 0.13 per cent and the other 0.38 pe 
and on Knduro metal, a high chromium, low-carbon 


composition was as follows: 


Mn 























Work was also done on various grades of alloy steels | 
for the purpose of throwing light on the factors, whi mr 
stability at elevated temperatures. The table of chemic 
positions for the steels used is given in the Appendix, { 
The two grades of plain carbon steel and Enduro meta] a 
subjected to both short-time tensile and long-time expansion . 
The alloy steels were subjected to short-time tensile tests 0) { i 
. ° . ° _— 
since in this particular phase of the work it was only desired 
determine stability through short-time tests. t 
Procedure for Short Time Te nsile Te sts. The short lime tens 
test is probably the one most often applied to metals in orde: 
determine certain of their physical properties. The test consisi 
in applying an increasing tensile load to a specimen until ruptu 
of the metal occurs. The total time required for rupture is or ll 
few minutes. wr 
A diagram of the set-up and test specimens used in the s! i 
time tensile tests is shown in Fie. 1. The jaws of the testing mac! No 
are replaced by steel blocks containing hemispherical holes | 
; ' eee 
which balls on the end of the specimen holders fit. This arrang 
ment not only eliminates slippage but also insures more 
alignment than is possible with the usual type of jaw. 
The apparatus consists of two circular collars, one fastened 1 
the upper portion of the test piece and the other to the lower par' 
If it is desired to determine the modulus of elasticity, It 1S necess 
that these collars be fastened at a known distance apart and 
the portion of the specimen between them be of uniform cross oe 
sectional area. A pair of vertical rods is fastened to each coll : 
To the rods leading from the upper eollar is fastened the upper 
aluminum plate which carries the dials, and to the rods leading ana 


from the lower collar is fastened the lower aluminum plate. 4s 


the load is applied, the plates move apart due to the strain on the 


to 


read 


which 
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Since the amount of heat loss by radiation and 


varies Over the length of a furnace, it is necessary 
be applied non-uniformly if the temperature is to 
throughout the furnace. This can be accomplished by 
spacing of the heating element. The ereatest temp n 
formity for vertical furnaces is accomplished by having 












ings at the bottom of the furnace the closest together. 
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Fig. 2—Diagram Showing Arrangement of Expansion Test Unit 


top farther apart, and those in the center still farther apart. Dw 
to the fact that the temperature distribution throughout the lenvt! 
of the furnace depends upon many factors such as diameter and 
length of furnace, bottom and top furnace covers, and size of pro 
jecting parts, the exact spacing of the winding necessary to giv 
the greatest temperature uniformity can only be obtained by trial. 
Kor the first approximation, however, that given by Lynch, Moch 
and MeVetty is very useful. 

For the horizontal furnaces, the distance between the windings 
on each end of the furnace was the same and smaller than in the 
case of the center windings. 








Procedure for Expansion Tests. The expansion test was per 





formed by filling a tube with some inert gas, as nitrogen and meas- 





uring the pressure with accumulators. The tubes were then brought 








to the required temperature in electric furnaces and the tempera- 
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type 
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tures 
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pressure maintained constant. The tests were continued 
ther rupture occurred or the test was discontinued because 
felt that rupture would not occur during any economic 

f operation. 
fhe apparatus used in the expansion test consisted of a pres- 
accumulator and a seamless-tube test specimen, one end of 
was serewed into the accumulator and the other end closed 


means of a steel cap. A movable electric furnace was used in 


heating the tube. A drawing of an expansion test unit is given in 
Fig. 2 


The pressure accumulator was composed of two pistons of 


erent diameters working against oil, and a reduced section of 
the larger piston working against nitrogen, the gas used for the 
production of pressure within the tube. 

The type of test specimen used in the expansion test is shown 
in Fie. 1. It consisted of a seamless tube of the material to be 
tested 30 inches long with a middle section 18 inches in leneth 
slightly reduced. The purpose of this reduction was to facilitate 
expansion and to eliminate the effects of handling marks produced 
on the ends of the tubes. It was found that steel caps brazed on 
to the ends of the tubes gave less trouble from leaks than any other 
type considered. Cast iron caps became porous in either the braz- 
ing or welding operation, and anti-leak preparations as white lead, 
litharge and glycerine, failed to function properly at the tempera- 
tures and pressures employed. 


RESULTS OF THE SuHort-TiIME TENSILE TEST 


The results obtained from the short-time tensile tests con- 
ducted on 0.13 per cent and 0.38 per cent carbon steels and on 
Knduro metal are given in Figs. 3, 4, and 5. The terms in which 
these results are expressed are defined, according to the Inter- 
national Critical Tables. 

An examination of the results presented in Figs. 4 and 5 
indicates that, although the 0.38 per cent carbon steel shows the 
highest proportional limit value at room temperature, the Enduro 
metal gives superior values at the remaining temperatures con- 
sidered. The highest tensile strength values were obtained with the 
V.o5 per cent carbon steel over the entire temperature range. 

It will be observed that in the case of the 0.38 per cent carbon 
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steel as shown in ig. 








4. the test results are viven on by 


and bar stock, which happens to be 0.37 per cent carbon x 


was done because in an earlier paper by White and 







accuracy ot the tubular short-time tests was questioned. 


1) 
I 


were therefore made on bar stock for the purpose of br 


the close agreement which exists between the two Shap 
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mined by Short-Time Tensile Tests rig i Properties of Carbon Steels at | 
peratures as Determined by Short-Time Tensile Tests ‘ 
specimens. It will be noticed that in general all of the values ar ' 
* > “ie 
in close agreement though those recorded for the tubular specimens 
° . ° His 
are slightly below those obtained with the standard tensile test 
. : iti 
specimen taken from bar stock. 
° (ye . ° ° \ tie 
The differences in the values obtained with the two types o! 
} 
test specimens may be due to two causes: (1) wide variations in 
the thickness of the tube wall, or (2) differences in the tempera 
ture distribution. Although, it is felt that the first contributes 
' s] 
to the differences obtained, the second is believed to be the mos 
. On 
important factor. In the case of tubular specimens, much mor ii 
‘a 


uniform temperature conditions can be maintained throughout th 
entire specimen due to the distribution of the metal over a greater 
area. 
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RESULTS FROM THE EXPANSION TESTS 






In order to make the results obtained from expansion tests 
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with those obtained from the short-time tensile and 
time creep tests, it Is hecessary to express them in terms 
stress in the tube wall and not as so many pounds internal 
within the tube. The simplest formula for making this 
on is as follows: 


pressure internal diameter 


(iquation 4 


” 


wall thi kness 


lout by Wright, however, in his discussion of the former 

vy White and Clark, this formula does not take into account 

the stresses due to the pressure on the ends of the tube or 

StICITY of the material. When these factors are considered, 

onversion ean best be made by the following formula of 
varino’s: 


(4D? + D.?) 


pressure (Equation 5 


3(D, 1) 


external diameter of reduced section of tube 
1) internal diameter of tube. 

One of the factors upon which the validity of this formula 
is Poisson’s ratio,—the ratio of lateral contraction per 
diameter to longitudinal extension per unit of length 

der terminal tension within the elastie limit of the material. 
sa well established fact that at room temperatures this ratio 
constant for ordinary steels having a value of 4 to %&. In 
rder to apply the formula to this work, the ratio must also be 
onstant at elevated temperatures, Carrington investigated this 
ratio al temperatures up to 600 degrees Kahr. (316 degrees Cent. ) 


ind found that it stayed within the required limit throughout 


this range, 


lt must be realized, however, that the relationship between 


iternal pressure and fiber stress as expressed even by this formula 

not rigidly exact. <As stated before, the effeet of temperature 
on Poisson’s ratio has been investigated only up to 600 degrees 
‘ahr. (316 degrees Cent.) so that the influence of higher tempera 


on this ratio is not known. It should also be noted that 


sson's ratio holds only for stresses under the proportional limit 
material in question. In the present work, approximately 
1) 


er cent of the stresses employed were above the proportional 


\ alues. 


Again, in the derivation of this formula, the material 










680 TRANSACTIONS OF THE A. 8. 8. T. 












is assumed to be perfectly elastic, although many invest 
now inelined to consider metals at the higher tempt 
plastic and consider failure to occur by a process of vis 
With all of its faults, however, Steward has found th 


to give the best results of any he has considered. It jis a 
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the formula used in the present paper to convert the results of the 
expansion tests into terms of tensile stress. x 
y » ’ ’ y ~ nay 
For 0.13° Per Cent Carbon Steel. The tests at 1500 degrees 
Kahr. (816 degrees Cent.) and 1250 degrees Fahr. (677 degrees Its 
Cent.) on 0.13 per cent carbon steel were the first expansion tests vas ot 
* . . “ orth 
to be conducted and in the preliminary work the runs were not re 
carried to the point where the tubes failed. At the time these tests 
. . » ; Kio, 6 
were first planned, it was intended to continue the tests only until 7 
. . . ' \ rey 
a marked degree of expansion was obtained and then by means ol! 
mathematical interpretations to arrive at conclusions regarding the ie 
a a > ° ° ° . Dansl 
ability of the metal to withstand expansion at any given tempera ) 


Comp 


ture for any given pressure during any economic period of opera- 
tion. It is still believed that this is possible but in order to make 







the work even more conclusive the tests are now being run until 
rupture occurs or until it is evident that no rupture will take place 
during a normal long-time period of operation, 
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its at 1500 degrees Kahr. (S16 degrees Cent.), Fig. 6 


yractical importance because the metal would fail due 
on in a relatively short length of time even though it 
fail as a result of creep. For a metal to be serviceable 
| temperatures it must not only retain appreciable 

these higher temperatures but must be able to resist 
as well. At 1500 degrees Fahr. (816 degrees Cent.). 
eent carbon steel tubing fulfills neither of the above 
nts. The results are nevertheless included in the present 
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Tests on 0.138 Per Cent Carbon Steel at 1100 degrees Fahr 


per in the hope that they may be of interest. It will be observed 


it 


was necessary to remove the tube subjected to a load as low 
115 pounds per square inch, after 540 hours at heat, because it 
so badly oxidized on the surface that it would have failed 
ortly thereafter.® 
The expansion tests at 1250 degrees Fahr. (677 degrees Cent.), 
6 were not continued until fracture of the tubes was obtained. 
eview of the results, however, shows that with a load below the 
oportional limit, 2880 pounds per square inch, very marked ex- 
pansion was obtained in the relatively short period of 18 hours. 


{ ()}} } 


aring this expansion with that obtained in runs in which the 


noted that throughout this report the term ‘‘load’’ implies the tensile stress 

be wall, fiber stress, and not internal pressure to which the tube is subjected 

is the one generally used, but results expressed in that manner depend upon 
outside diameters of the tube, while those expressed by the first method are 

f the tube’s dimensions. Thus, in the preceding paragraph, 115 pounds per square 
internal pressure to which the tube is subjected but is the tensile stress in 
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tests were continued 





until rupture occurred, it is ¢ 
failure would have resulted shortly thereafter. 











The results at 1100 degrees Fahr. (593 degrees (e) 





were obtained by 





continuing the runs until rupture « 
until it appeared evident that rupture could not be obtaiy 


a considerable period of time. 














As the method used in this case for expressing the resy); 


vraphically is typical of that employed in all the remaining ¢: 
it should perhaps be explained more Fully. 








There are thr 
dinates used; the horizontal one is time expressed in 





ITs, 


vertical one at the left expansion in inches, and the vertical on, 








the right stress expressed in 1000 pounds per square inch. The s 





lines originating at the lower left-hand corner and rising at various 





rates as they proceed to the right are constant load lines ex 


pre SS]] 





the time rate of expansion of the tubes. The codrdinates used f 
plotting these lines are the vertical one at the left and the ho 
zontal The dotted as the 


rupture curve, is obtained by plotting the stress producing rupt 


up 
The shot 
heavy horizontal line at the right is drawn at a stress correspo 








one. 


line. designated 





stress-time-for 








against the time required for this rupture to oecur, 








ing to the proportional limit value for this particular metal at 1 
viven temperature. 








At this temperature, three loads above the proportional n 





were used, one equal to the proportional limit, and one below. Wit 
the the proportional limit, rupture was 
in fairly short periods of time, a load of 4250 pounds per squar 
inch, 25 per cent above the proportional limit, producing ruptw 
in 160 hours. With the load equal to the proportional limit ruptur 
was not so readily obtained, 1100 hours being required. With th 


load below the proportional limit, rupture was not obtained in 110 





loads above 





obtain 


























hours, and during the last 380 hours no expansion was recorde’ 
This lack of expansion may be due to the method of measuring 
as extremely small changes cannot be detected. 








This last load 
but 18 per cent under the proportional limit value as obtain 
by the short-time tensile test. 











From the results obtained at this temperature, a stress-Uim 





for-rupture curve can be drawn as shown in Fig. 7. 





to foretell what may happen to this curve when extended beyon 
1100 hours, but, if it 





be assumed that it becomes asymptotic, 
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It is dithie ult 
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nteresting to make predictions regarding this limiting 
compare it with the proportional limit value. From 
ranee of the curve, it would seem as if a fair value for 
totic line would be 2500 pounds per square inch or 26 
the proportional limit value, Later, these results will 


mathematically in an attempt to arrive at definite con 


ests in all were run on the 0.13 per cent carbon steel at 


.* 


roes Fahr. (538 degrees Cent.), Fig. 8. In four cases, the 
oved was above the proportional limit value obtained in 
time tensile test. With three of these loads, failure was 


——— - 


T T 115 
| 


| 


5460 POUNDS PER SQ 


| 
+ 


° 


| 
STRESS, 1000 POUNDS PER SQ IN 


I 








FOR CURVE 





ae 
\r 








| 
| 
| 


: I\' SHORT TIME 
18000 POUNDS PER SQ.IN SESEGRTIONOL Coane 
13910 POUNDS PER SQ.IN. 


oakiae —j—_}—_}__4 4 
| ~—5530 POUNDS PER 3$Q.IN 

“7 as ——3400 POUNDS PER SQ IN | | 

et ee teal _| sass a 


BOO. 1000. 1200 1400 1600 1800 2000 2200 
TIME IN HOURS. 








Cent Carbon Steel at 1000 degrees Fahr 


tained in relatively short periods of time; while with the load 
L000) pounds above the proportional limit value, failure was not 
tained after 1000 hours. The values presented do not allow a 
tress-duration curve to be very accurately drawn, but the limiting 
ess for this steel at this temperature appears to he at 3500 
inds or greater. 
\ttention is called to the facet that two of these tubes failed 
an expansion of less than 0.05 of an inch. We offer no ex- 
nation of this phenomenon as usually tubes expand at least 
an inch before they fail. 


one test is submitted for this steel at 900 degrees Fahr. 
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(482 degrees Cent.), and this was with a load consid, 







the proportional limit value obtained at this temperat 
1080 hours the expansion was so slight as not to be apy 
the means employed for measuring expansion. 


For 0.388 Per Cent Carbon Steel. One test was con 






tubing of O.38 per cent carbon steel at 1500 degrees | 
degrees Cent.) but the tube became badly oxidized befo) 


occurred, When oxidation occurs. it 1s difficult to te 






failure Is due mainly to this cause or to eXpansion, Kor this re 
further tests at this temperature were not undertaken. 


The results of five tests at 1250 degrees Fahr. (677 






Cent.) are submitted. Fie. 9. Four of these tests were . 


ONauUets 


with loads below the proportional limit as determined by t} 


e short 


time tensile test on the tube stock. With a load 11 per cent 







the proportional limit, 4000 pounds per square inch, f; 


niure \ 


obtained in 36 hours; while with a load of 3267 pounds per squall 
inch, 7 per cent below the proportional limit, 405 hours wer 
required to produce rupture. With a load of 1100 pounds pe 


square inch, approximately one-third of the proportional limit 























value, failure had not yet occurred at the end of 2854 hours bu 
marked expansion was obtained. During the last 854 hours 1 
expansion was recorded, but again this may be due to the fact 
that the method of measuring expansion is not sufficiently refined 
and not to the fact that expansion is not continually occurring 


In order to determine the reliability of this method of testing 


two tests were undertaken with loads of 2500 pounds and 2200) 
pounds per square inch. The load of 2500 pounds per square inc! 
required 1090 hours to produce rupture, while the load of 2200 
pounds per square inch required 1152 hours. This is considered 
as a good check on the method employed. 

Again if an attempt were made to select a limiting stress from 
the stress-time-for-rupture curve shown in Fig. 9, it would be in 
the neighborhood of 1500 pounds per square inch, Although thus 
value is only a deduction, from the mathematical treatment follo 
ing, it will be shown to be relatively accurate. 

The results of three tests at 1100 degrees Fahr. (595 degrees 
Cent.) are given in Fig. 10. In this case, all the tests were run 
with loads above the proportional limit as determined on th 
tubular test specimens. 





With a load of 10,735 pounds per square 
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inch 138 per cent above the proportional limit, rupture was ob 
tained in 15 hours; while with a load only 82 per cent above the 
proportional limit, 5960 pounds per square inch, 931 hours were 
‘( quired, 


Krom the stress-time-for-rupture curve it appears that in this 


‘ase the proportional limit might be the limiting stress below which 
rupture will not occur, if such a stress does exist. 


Three expansion tests were conducted on this metal at L000 
legrees Fahr. (538 degrees Cent.), Fig. 11. 


( 


In two cases, the loads 
employed were above the proportional limit values. With both of 
these loads rupture occurred. With a load of 6000 pounds per 
syuare inch, 1875 pounds below the proportional limit, rupture 


not occur during the 2636 hours that the test was continued, 


‘hough marked expansion occurred in the early part of the test 
none was recorded during the last 1000 hours. 
Sufficient values are not available at this temperature for the 


onstruction of a stress time-for-rupture curve, but from the indi- 
} 


facil 


test values it appears that the limiting stress, if such exists, 
| the neighborhood of the proportional limit value. 
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Only one test was conducted on this tubing at 


Kahr. (482 degrees Cent.), Fig. 11, and this was wit! 














12.660 pounds per square inch, which IS approximate! 





the proportional limit value as obtained from the short-t 





test at this temperature. Since such a small expansio 



































tained even after 1294 hours, it is probable that any limit stres 
would be above this proportional limit value, 

For Enduro Metal. Five tests were conducted on Kndum 
metal at 1500 degrees Fahr. (816 degrees Cent.), Fig. 12 = The 





of these tests were run with loads above the proportional limit 





in each case rupture was obtained in a relatively short per 


period 
time. With a load of 1250 pounds per square inch, however. 


70 pounds below the proportional limit, 1403.5 hours were required 
to cause fracture. With a load of 1150 pounds per square i 
rupture was not obtained at the end of 1704 hours, but during 
this period the tube expanded considerably and it is believed wor 
have failed in due time if the test had not been discontinued 
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If the time required for rupture be plotted against the stress 





the stress-time-for-rupture curve shown in Fig. 12 is obtained 





this curve does become asymptotic to a limiting stress in the hi 


ur} 





temperature range, the stress would appear to be about 1000 pounds 





per square inch. If this is the limiting stress value, then it lies onl) 





420 pounds below the proportional limit or for practical purposes 
may be considered as the proportional limit. 








One of the noteworthy results of the tests at this temperatur 





is the resistance offered to oxidation by these tubes. Even the tub 
that was exposed to this temperature for 1400 hours showed little 


sign of oxidation. This is in marked contrast to both the 0.123 per 














cent and the 0.38 per cent carbon steel tubes, which were both badly 
oxidized at this temperature. 











Five tests were conducted at 1250 degrees Fahr. (677 de: 


rrees 





Cent.), Fig. 13. Three of these were above the proportional limit 
as determined by the short-time tensile test. With a load of 5970) 


pounds per square inch, approximately 1000 pounds above the 
proportional limit, rupture was obtained in 523.5 hours. With 

















load 190 pounds below the proportional limit, failure occurred 
in 1147 hours. Again, the results do not show definitely the max 
mum load that can be carried at this temperature. From the stress 


time-for-rupture curve it appears that the limiting stress valu 
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cists. will be around 4000 pounds per square inch. This 
allowable stress is approximately 800 pounds below the 
proportional limit. 
sidering the results obtaimed at the above two temperatures, 
e noticed that this metal undergoes a marked increase in 
and load-carrying ability as the temperature is reduced 
00 degrees Fahr. to 1250 degrees Fahr. (816 to 677 degrees 


The tubes withstood about four times the stress at 1250 


ahr. (677 degrees Cent.) that they did at 1500 devrees 
816 degrees Cent.). In other words, in decreasing the 
erature 250 degrees Fahr. or 20 per cent based on lower 
erature and 17 per cent based on upper temperature, the load 
ving ability is increased approximately 400 per cent. 
ive tests were conducted at 1100 degrees Fahr. (538 degrees 
ie. 14, all of which were above the proportional limit as 
ermined in the usual tensile test. With a load of 16,620 pounds 
r square inch, approximately 3000 pounds above the proportional 
value, rupture was obtained in 1102 hours; while with a load 
1000 pounds less, rupture was not obtained in the 2152 hours that 
test was continued. From these results, it would appear that 
ny limiting creep value would be in the neighborhood of 15,000 
pounds per square inch, about 2,000 pounds above the proportional 
value at this temperature. 

No tests were conducted on this metal at temperatures below 
1100 degrees Fahr. (593 degrees Cent.) because, due to the limita 
tions In the maximum pressures obtainable, rupture could not 

obtained at the lower temperatures. 


MATHEMATICAL INTERPRETATION OF RESULTS 


is evident, from the general shape of the stress-time-for 


ture curve, see Fig. 13, that there are two ways in which it may 


as the time is increased. Kither the Curve mas become 


uptotic to a given stress line, or else it may continue to slope 


wards, 


continuously approaching the duration axis. If the 
er condition is true, then there is a limiting stress below which 
will not continue to fracture; if the later condition 1s cor 
then creep continues to fracture for any load considered but 
atly increasing time intervals as the load is decreased. 
\lthough it is practically impossible to differentiate between 


two types of curves by visual means the two can be more 
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Fig. 13—-Expansion Tests on Enduro at 1250 
on Enduro at 1100 degrees Fahr. 

Fig. 15—Graphical Method of Testing Hyperbolic Nature 
Logarithm of Stress Versus Logarithm of Duration for 0.13, 0. 
at Designated Temperatures. 
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readily separated from one another by mathematical treatments 
Thus, if the curve becomes asymptotic to a given line it can be ex 
pressed mathematically as a hyperbolic function, while if it con 
tinues to approach the time axis, it is of an entirely different type. 

It will now be well to treat the results mathematically in 
order to determine which of the two conditions the experimental 
test results most accurately fulfill, the results are mathematicall) 
treated in the following paragraph. 

Curve Hyperbolic in Nature. Kerr concluded from the shape 
of the stress-temperature curve, which is similar in form to the 
stress-duration curve, that it was hyperbolic in nature and _ so 





could be expressed by the formula, 











H K (aH + b) (T. 7) Equation 6 


Changing two of the terms in this expression to suit our needs, We 
obtain, 





H K= (aH + b) (S. 8) Equation 
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I] duration corresponding to stress S 
KK duration corresponding to stress S, 
a and b curve constants 


sing the terms in the above equation slightly, we obtain 
Kquation 8 


Since a and b are both constants, it is evident from Equation 


HT K 


if Il be plotted against a straight line should be 
So S 


tained if the above formula correctly represents the test data 
‘tained, 

In order to apply the above test, it is necessary to have at least 
ir points at any one temperature. Although in the present 
research sufficient data are not given in all cases, the 


, 


formula 
in be tested on the results obtained on 0.13 per cent carbon steel 
1100 degrees Fahr. (593 degrees Cent.), on 0.38 per cent car 
on steel at 1250 degrees Fahr. (677 degrees Cent.) and on En 
iro metal at 1500 degrees Fahr. (816 degrees Cent.) and 1250 
evrees Fahr. (677 degrees Cent.). The results are shown in 


‘iw. Ld. 


Krom Fig. 15, it can be seen that the points obtained by the 
bove method do not fall on a straight line, although in two 


\ 


‘ases, the agreement is close enough to allow one to state that this 
formula correctly expresses the results, the disagreement in the 
ther two cases is believed to be sufficiently large to prohibit its use. 

Curve Approaches Time Axis. We will now be well to ex- 
mine the results to determine whether or not the other condition 
is true, that is, that the ‘‘stress-duration curve’’ tends to approach 
the time axis. If such is the case, then the result may be expressed 
mathematically by the equation : 


Equation 9 


stress applied 
x duration of test 


a and b curve constants 


if logarithms be taken of the above equation, the following is 


{ Lined: 
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b In x 





where, In 








Naperian base logarithm. 
Krom Equation 10, if In y be 





plotted against In x. 
line will be obtained whose slope is b and whose interce) 


stress axis (y) is Ina. This simple relationship provides , 







which the experimental results may be checked to see wh, 
not Equation 9 expresses them accurately. 

In Fig. 16 the logarithms of the results obtained with 
ous tube materials at the designated 





temperatures are 
Kven considering the fact that small differences in logs 


represent relatively large differences in the number themsel) 


} 






is believed that the points fall as closely as could be expect 


straight lines. Therefore, it appears, as far as these data ar 















cerned, that they are expressed more correctly by Equati 
than by Equation 7. 

Krom the data given, the equation can be solved for th: 
constants. From Equation 10, b is the slope of the line and 
can be obtained directly from the lines drawn in Fig. 16.) Th 
other constant, a, can be obtained from the curves, since In 
is the intercept on the stress axis, or can be computed from Equ: 
tion 9 after b is known. The latter method is perhaps the bette 
since intercepts are rather difficult to measure exactly. 

Substituting the constant a and b values in the original equa 
tion, the following set of equations is obtained for expressing tli 
relationship between stress and duration at constant temperatti 

0.13 C. Steel Tubing 


1100° F. (5938°C.) : y 9566 
1000° F.. (538°C.) : y 941295 x 














Y Steel Tubing 







1250°F. (677°C.) : y ek Mquatior 
1100°F. (598°C.) : y 16300 x ~°- 1554 Equation | 
iOQOO I’, ( 588° 2.2% 97275 = 1305 Mquation f 









Vetal Tubina 











L500°R, (S16°C,) : \ 5560 x -°-261 Na ation Lt 
1250°R. (677°C.) sy = 14400 x “9 Equation Ii 
1100°K. (5938°C.) : y 20045 x -*-= Hquat ion IS 





Two characteristics of the curves in the 





logarithmic cha 
should be noted: (1) all the lines, with the exception of those ex 





pressing the results obtained on Enduro tubing at 1500 degrees 
Kahr. 





(S16 degrees Cent.), and 1100 degrees Fahr. (593 


> degrees 
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ypear to be parallel or very nearly so; (2) the intercepts 
ress axis are directly proportional to the temperature dif 


of the lines. Due to the limited amount of data presented, 


iracteristics Can as vel he considered only as tendencies 
as established facts. 


question now arises as to whether or not parallel lines 
e obtained throughout the entire temperature range. 
s results on ereep tests at atmospheric temperature show 
stenece of a sharp division between stresses which will and 
cause failure at this temperature. For example, on his 
, with 0.24 per cent carbon steel at 70 degrees Fahr. a stress of 
10 pounds per square inch produced fracture almost instan 
ously, while a stress of 53.400 pounds failed to produce failure 
1000 hours during which the test was conducted. If these 


s should be plotted logarithmically, the resulting line would 


} 
il 


ractically horizontal, having only a very slight negative slope. 


\s a result of this test is may be concluded that logarithmi 
ting of creep results at atmospheric temperature gives prac 
ly horizontal lines, and that as the temperature is raised the 

of the lines is increased negatively. Considering the small 
in slope in Increasing the temperature from atmospheric 
1000 degrees Fahr. 


| ) 


(538 degrees Cent.). it 


appears that the 


of slope with temperature is extremely small and so lines 
overing 


rare 


only a relatively small temperature range would appear to 


parallel, 


The fact that the intereept difference of these lines appear to 
roportional to their temperature difference should also be con- 
lered throughout the entire temperature range. 


If this relation 
' holds throughout the entire temperature range, then from the 


s available it will be possible to compute the load required to 


1e'¢ 


l1 rupture in practically zero time at atmospheric temper 
On this basis the following values are obtained for the three 
. considered : 


] 


18 per cent carbon steel 


S per cent carbon steel— 4,000,000 pounds per square inch 
Knduro Metal 900,000 pounds per square ineh 


200,000,000 pounds per square inch 


Sinee the differences between these values are so much greater 


what one would expect from a comparison on their other 


erties, it appears that the proportionality between intercept 
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differences and temperature difference does not continue 
down to atmospheric temperature. 





[here is also a possibility that the above two characte) 
the logarithmic lines may hold only over certain tem] 
ranges. It is now a well established fact that metals beha 


ferently in many respects above a certain temperature, | 














ATi 


the equi-cohesive temperature, from what they do below it. 
be that this relationship only holds at temperatures above this 





rT mM” 
i itla\ 








cohesive temperature, but as no work has been done at temperat 





below, this remains an open field for future investigation. 





Comparison of Creep Stresses. Comparisons between the 


stress-duration curve in its extrapolated portions with values ob. 








tained from the mathematical formula, above developed, in the sam 





section of the curve are shown in Figs. 17, 18 and 19. For 


CON 





parison, the respective proportional limit values are also included. 





From these Figs. it is seen that the stress required to produce 
rupture in 100,000 hours is below the corresponding short-time 








proportional limit value in every case, except two, that of 0.13 
per cent carbon steel at 1000 degrees Fahr. (538 degrees Cent. 
and that of Enduro metal at 1100 degrees Fahr. (593 degrees 
Cent.). Considering the stress required to produce rupture in 10.- 
| 
000 hours, two are substantially equal to the proportional limit 
: | 


value, two above, and the remaining below. The computed values 


























all compare very favorably with the imaginary limiting stresses 








taken from the stress-duration curve. The limiting stress values 





taken from the stress-duration curve correspond very closely to the 
proportional limit values in all cases except two. 








Although the findings in 0.13 per cent carbon steel at L000 
degrees Fahr. (9538 degrees Cent.) and on Enduro metal at 1100 
degrees Fahr. (593 degrees Cent.) are included, it is believed that 

















these metals under the given conditions of structure may be in the 
equi-cohesive temperature zone, in which case the fermula de- 
veloped does not hold, as this formula is for temperatures above 








and not below the equi-cohesive temperature. It is well recognized 








that for ordinary steels there is a sharp break in the physical pro- 
perties at temperatures in the neighborhood of 700 degrees Fahr. 
(371 degrees Cent.) and this break is without doubt due to the 











properties existing above and below the equi-cohesive temperature. 
Therefore, although these values are incorporated it is believed that 
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Expansion Results, Safe Working Loads, and Proportional Limit Values, for 


Cent Carbon Steel Tubing. Fig. 18—Expansion Results, Safe Working Loads, and 
Limit Values for 0.38 Per Cent Carbon Steel Tubing. 
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mperatures, 


the purpose of the mathematical interpolation they should be 


irded, 
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It should also be remembered that the values repre 


loads required to produce rupture in 10,000 and 100,000 





computed and not obtained experimentally. In obtainin 


tions necessary for the computations, it Was necessary 





that the same mathematical relationship which held for | 
duration-curve through the range of 











experimental test 
tinued to hold as the time was indefinitely increased. A}; 











the authors believe this to be the ease. they recognize the p) 





of additional experimental work before a too dogmatic 





of the results can be expected. 





The comparsion of proportional limit and safe work 
values would lead one to conclude that even though the pre 





Morrtioy 


limit value is not a rigid dividing line above which ereep 





'\) 
Proves 


to fracture and below which it does not, it approximates t | 


hye ST TeSS 








at temperatures above the equi-cohesive range below which fail 





is not to be expected Within a period of 10,000 hours or so. 
Physical Meaning of Mathematical Results. Wooke’s 1s 
states, that, if a body is distorted within its limits of elasticit 














then the stress producing this distortion is proportional to the d 





formation produced, Thus, if a stress of 1000 pounds applied 








a perfectly elastic body produces a strain of 0.001 inch, then 





long as the stress is held constant, the strain will also remain th 





same provided the given stress is not above the proportional limit 





Solely on the basis of definition, the true proportional limit 





value for a perfectly elastic body must be the limiting stress bel 


HO 


which perfect proportionality of stress and strain exists. If tl 








word creep be assumed to represent a more or less slow detorm 


tion continuing to rupture, it follows from this definition t} 











for such bodies creep cannot occur below the elastie limit. It has 








often been found that metals can withstand stresses above t! 
proportional limit value for extended periods of time. This 0 











curs only at relatively low temperatures, however, and may be a 





to the fact that the initial deformation produces strain hardenu 
so that the proportional limit is raised until it has a value aboy 
that of the applied stress. 








In the expansion tests described in this paper, it has been found 





experimentally that creep proceeded to fracture in some cases Wit! 





stresses below the proportional limit as determined by the usua 














short-time tensile test. This phenomenon can only be accounted 
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of the following assumptions: (1) the proportional 


isually determined by the short-time tensile test is not 


proportional limit; (2) metals at the elevated temper 
sidered are not perfectly elastic bodies and so do not 
ie proportional limits. Although these two cases ma) 
lentical, they are entirely different, for if the first is 
failure will not oecur below a certain definite stress, 
‘he second is correct, then failure will occur with any load 
ent time is allowed. 
om the mathematical interpretation of the test results ob 
by means of the expansion tests, 1t was found that creep 
continue to fracture for any load at a given temperature 
the equi-cohesive temperature but at greatly different rates 
ding upon the temperature and relative magnitude of load. 
this. it would appear that the metals under consideration 
mperatures of 1000 degrees Fahr. (538 degrees Cent.) or 
do not possess true proportional limits, and so are not per 
elastic bodies. What the case is at temperatures below L000 
roos Kahr. (D588 degrees Cent.) is a matter of conjecture. In 
words. in the above classification, the continuous creep at 
tain elevated temperatures must be explained by the second case 
ot by the first. 
n order to account for this impertect elasticity of these 
ls at certain elevated temperatures, it will be well to examine 
nner structure. It is now generally accepted that metals 
of crystals, each of which is completely surrounded by a 
of amorphous material; also that at ordinary temperatures 
amorphous material is much harder and stronger than the 
line material. As the temperature is raised, however, the 
orphous material weakens at a much more rapid rate than the 
stalline material, so that at a certain temperature the boundaries 


eaker than the erystals themselves. 


\pplying these facts to tensile testing, practically 100 per 


the deformation of ordinary steels at room temperature 


eo 


ace Within the crystal and fracture takes place through the 
and not in the erystal boundaries. Since erystals are per 
astic bodies, a definite proportional limit can be obtained 

ospheric temperature and this value, if correctly determined, 
ndependent of the rate of application of load. 
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As the temperature of testing is increased, howe, 





ditions are entirely changed. A temperature is fing 
where the amorphous boundaries become more plasti 
siderable flow takes place in this amorphous material. [jp 
required, however, in order to allow this flow to ocey 
short-time testing the load is applied so rapidly that the ; 


material is able to resist it for the necessary 











time and a lary 
fraction of the deformation occurs within the crystal, which eayso 
a proportional limit to appear to exist. If more time is alloy. 
flow does oceur in the boundary material and the metal wil] fy 
due to viscous flow in the amorphous material rather than by 
process of slip within the crystal itself. 
The question now arises as to what temperature is required 


to produce a viscous flow. From the results of the expansion 
Palisi 


tests here presented, it is evident that viscous flow was obtained 







in most cases. Also, the mathematical formulae, which were fou 
to express the test results, are equations of viscous flow and not o! 
slippage which halts at a definite stress. From this it can be co 


cluded that at temperatures of at least 1000 degrees Fahr. (538 


vrees Cent.) or above, the metals considered fail by a 


Process a] 









viscous flow of the material in the grain boundaries rather than }y 


slippage within the crystals themselves. 














EXPLANATION OF FAcTORS AFFECTING STABILITY 





AT ELEVATED 
TEMPERATURES 





The question now arises as to why Enduro metal showed su 
perior load carrying ability to either of the plain carbon steels, and 
why the 0.38 per cent carbon steel was superior in this respect to 
the 0.13 per cent carbon steel. On the basis of the short-time ten 
sile properties reported in the appendix, the effect of various 
other alloying elements on load carrying stability will also be con 
sidered, 

In order to predict the influence of alloying elements upon 
the load carrying ability of metals when at elevated temperatures 
it is necessary to know what effect these added elements exer! 
upon the existing structure of the metal. Also in order to be bet 
ter able to predict which structures impart the greatest load carry 






ing power, it is necessary to understand how increased temperatures 
affect the manner in which metals deform and fracture. 
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sa well established fact that at atmospheric temperatures 
of ordinary steels proceeds through the grains and = not 
ithem. This is due to the greater strength of the amorphous 
Thus any factor tending to decrease grain size, and 


irles, 
y increase the amount of amorphous material present, will 


Like 


e the strength of the steel when at room temperature. 
any faetor tending to increase the strength of the crystals 
selves will increase the strength of the steel when at room tem 


ratures. 
\s the temperature of testing is increased, however, the amor 
material weakens at a more rapid rate than that of the 

tal proper, and a temperature is finally reached where, for 
e metals, fracture proceeds around the grains and not through 
This temperature Jeffries calls the equi-cohesive temper 


ie. In general, this corresponds to the lowest recerystallization 


temperature of the alloy 
in factors change its location, probably the most important 


When in a severely cold worked state. 

ti 
of which is the rate of application of load, 

In regard to the dependence of this temperature upon the 

e of application of the load, Jetfries reports the equ cohesive 

3 seconds 


emperature of copper with loads producing rupture in 
(950 degrees Cent.) ; while for very 


in the neighborhood of 572 degrees Fahr. (300 de 


as 1742 degrees Fahr. slow 
loading it is 
vrees Cent.). 


Krench in discussing the fractures of plain carbon steels under 


varying rates of application of load at various temperatures (300 
(149 to 463 degrees Cent.) states, ‘‘ Minor 
for example, 


to 865 degrees Fahr.) 
differences appear under certain conditions, such as, 
the apparent tendency of the fracture to follow more deeply along 
the grain boundaries and particularly at the junctions of ferrite 


and pearlite when the steel is broken under slowly increasing 


Kven though the length of time employed in the above 


ress 


tests was hardly sufficient to classify them as long-time creep tests, 


at least as they are now known, yet this tendency of fracture to 
low the grain boundaries was observed, 

ln this same connection, Wood states: ‘‘We lose strength at 

elevated temperatures because due to inadequate anchorage of the 


tals we fail to get the most work out of the crystals them 


This same author reports 600 degrees Fahr. (216 degrees 
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Cent.) as being the temperature at which noticeable we 
the grain boundaries of plain carbon steels occurs under 


Stress. 

The eases cited above are sufficient to show, that. by 
effect of alloying elements upon the stability of metals cea 
termined, it will be necessary to know over what temperatu 
and for what length of time this stability is desired, i. e.. t} 
ments the addition of which may cause increased stability 
temperatures of 600 degrees Fahr. (316 degrees Cent.) 1 
not necessarily the ones that will have the greatest effect 


l ? 


creasing the load-carrying ability at the higher temperatures 

If the stability is desired below the equi-cohesive temperat ys 
then the following two ways are open: 

(1) The addition or formation of any element, compound, 01 
constituent which does not enter into solid solution with the matrix. 
but which by the very nature of its presence interferes with th 
crystal slippage will tend to increase the stability at elevated ten 
peratures of the material of which it forms a part. 

(2) The addition or formation of any element, compound, 
constituent which tends to increase the amount of amorphous ma 
terial existing between the grains of crystals in metals and like sul 
stances tends to increase the stability of the materials of which the 
amorphous substance forms a part at all temperatures below thos 
of the equi-cohesive range. 

If the stability is desired at temperatures much above 60 
degrees Fahr. (316 degrees Cent.) for plain carbon steels, the 
other factors must be taken into account. Due to this temperatur 
range, Which is in the vicinity or slightly above the equi-cohesiv 
range, the amorphous phase becomes the weaker and deformation 
occurs in the grain boundaries. For increasing the stability above 
the equi-cohesive temperature, which for steel is 600 degrees Fahr. 
(316 degrees Cent.) or higher, the following two ways are open: 

(1) The addition or formation of any element, compound, or 
constituent which decreases the relative amount of amorphous ma 
terial will increase the load carrying ability. 

(2) The addition or formation of any element, compound, or 
constituent which strengthens the amorphous boundaries by inter 
fering with plastic flow will increase the load carrying ability. 
The ratio of amorphous to crystalline material in any crystal 
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is determined by the grain size. Thus a cast metal which 
has a greater grain size than a forged or heat treated metal 
tend to show greater load-carrying ability at temperatures 
-equi-cohesive temperature. 
‘here are some results available to support this statement. 
sample, in the work reported by Malcolm in which results 
ported on both east and rolled metal of approximately the 


TEMPERATURE, DEGREES CENT 
200 300 400 500 600 


TEMPERATURE , DEGREES < 
100 200 30% 40 600 


IN 2 INCHES. 
3 
° 


ELONGATION 


PER CENT 


20} or” == 


p= 
200 400 600 800 1000 1200 1400 
TEMPERATURE, DEGREES FAHR 
200 400 600 800 000 12¢ 
69 MN > - 155 MN TEMPERATURE, DEGREES FAHR 
117 MN H 
13: MN 


206 MN 
26 MN 


Proportional Limit Values of Mang: Elevated Temperatures lig 
n Curves of Various Manganese Steels ‘ d Temperatures 


ame composition, the material in the cast condition 


was able to 
thstand a stress of 13.000 pounds per 


square inch for 2400 hours 
rupture occurred; while in the case of the rolled metal, a 


eTore 


stress of only 8750 pounds per square inch produced failure in 
slightly less than 1500 hours. These tests were conducted at 1000 
rrees Fahr. (5388 degrees Cent.) on chromium-nickel steel. 

On the basis of the hypotheses stated above setting forth ways 
means of increasing the strength of the material in the amor- 


ous state, it would appear that there should be two ways of in- 


rp 


? 
( 


sing the strength of the amorphous boundaries,—either by the 


tion of a substance which dissolves in the layer and gives it 
iter strength, or by the addition of a substance which forms 
pounds that precipitate in this layer and exert a keying ac- 


in it against flow. On the basis of the hypothesis stated above 
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setting forth Ways and means of increasing the 
terial in the amorphous boundari 
bides fulfill these conditions 


this assum, 
IS possible to explain why Enduro metal exhibited 


ability superior to that of both 0 
tigated, and why the 0, 


Streneth of 
es, it has been Observed ¢) 


and on the basis of 


a load ¢; 
f the plain carbon 
38 per cent carbon steel w 
0.13 per cent carbon steel. 


Steels 
aS superio) 
They would also enab] 


€ one to 
Which elements or combination of 


elements should produ 


treatest increase in the load-carrying ability 


of the metal to 
they are added. 


Plain Carbon Steels. It will Perhaps be best to consid 
plain carbon steels In regard to the effect of 


carrying ability 


structure on 
at elevated temperatures. In the lower « 
steels, the 0.13 per cent carbon steel for example, the 


ferrite 
such a large excess that it forms a 


complete network aboy 
Pearlite crystals. These steels will 


ferrite, and as this material is soft and relatively we 
could not be expected to exhibit marked 

In the case of the 0.38 per 
Of a slowly cooled specimen will consist 
lographie constituents, ferrite and 
ferent proportions. While 0.13 per 
approximately 84 parts of 


bon steel consists of about 


Pearlite, but in entirely 


99 parts of ferrite to 45 parts of pea 
In other words, the proportion of 
proximately three times. Therefore in this ease there is not 
ficient excess ferrite to surround the pearlite competely, so 
the steel displays the properties 


than those of ferrite alone. On this basis the 0.38 per cent ca 
steel might be expected to exhibit the 
at all temperatures below the thermal critical range. Such 
been found to be the Case, as Is shown in Kies. 9, 10 and 11. 
Chromium Steels. Since 


steel, it will be well to consider 


chromium steels in general be 
discussing this particular one. 





ak, such stee! 


Chromium dissolves in iron it 
percentages forming solid solutions with the ferrite. In the 





? 


’ } 
Load 


‘arbon 


IS In 


t the 
thus exhibit the properties of 


\ 


load-carrying ability, 
cent carbon steel, the final structuye 


of the same two meta] 


dif 


cent carbon steel Consists ot 


ferrite to 16 parts of Pearlite, 0.38 ear 


rlite. 


pearlite has been increased ap 


suf 


that 


of pearlite plus ferrite. rather 


rbon 


superior load-carrying powers 


has 


Enduro metal is a high-chromium 


fore 


» all 


res 

ence of carbon, however. it forms double carbides With the iron. 
It is a well-established fact that the 

is to combine with e 


first tendency of chromium 
arbon to form earbides and that no chromium 
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T¢ rms 


a tree solid 


with iron unless insufficient 


exists for the formation of the 


' 


solution carbon 
‘arbides. The carbides which are 


eposited within the erystal will interfere with the process of erys- 


; ‘ 


line slippage and for that reason materially increase the stability 


he alloy at all temperatures below the equi-cohesive tempera- 
The carbides which are precipitated at the grain boundaries 
interfere with the plastie flow of this material and so increase 


d-carrying ability of the metal above the equi-cohesive tem 
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perature, 
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Therefore, steels which contain chromium 


4. 6. 8. fT, 














amounts manifest a much greater stability at all temper 


plain carbon steels, a statement which is supported by 


shown in Figs. 12, 


Likewise, treatments which produce the free « 


the superior results of 8 per cent chromium, 8 per cent 


steel, Fig. 


13 and 14. 


‘al 
greater strength in the alloy in which they are found 


ments which throw the earbides into solid solution. as evi 


30, the constituents of whieh in the anneale 





; ‘ 
i ‘\ } 


ferrite and pearlite plus earbides, over and above thos 


two alloys, one containing 20 per cent of chromium and 8 pe) 


of nickel, Fig. 28, and the other 8 per cent of chromium 
per cent of niekel, Fig. 29, both of which because of th 


positions exist in the austenitic condition even in the 


state. 


and in the other two relatively large percentages of nickel, 


To be sure, in the first steel 8 per cent tungsten 


ana 


nnea 


IS Dresent 


structure of the first steel shows free carbides while the last 


are both austenitic, 


Although experimental data obtained from long-time ex 


solid-solution alloys. 


ba 


sion tests are not presented on any other steels except those alread 


mentioned, it should be 
made to predict 
alloy steels. 


tungsten, manganese, molybdenum, vanadium, and various 


binations of these elements. 


Nickel Steels. 


Nickel 


possible on the basis of the assumpt 
regarding the load-carrying ability 


The alloying elements to be considered are nic! 


Nickel dissolves in steel at atmospheric temper 
atures, especially in the ferrite erystals. ace 
duce a strong tendency towards the formation of austenitic al 


ot various 


litions | 


] 
atlOoyVs 


Therefore slowly cooled nickel steels can have various structures 


as pearlitic, martensitic, or austenitic, depending on the relat) 


amounts of nickel and carbon present, and indirectly at least wit! 


in certain ranges, depending on the heat treatment. 


With low-carbon nickel steels in the pearlitic zone, one of th 
effects of the addition of nickel 
mospherie and slightly elevated temperatures, 


is to reduce 


size improves the strength of the alloy due to 


larger amounts of amorphous material. 


At elevated temperatures 


the 


orain size. At at 
this reduced vrain 


presence of 


above the equi-cohesive temperature this reduced grain size r 


sults in a weakening of the alloy if the rate of application of th 
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small, due to increasing the amount of the amorphous 
h is the weakest. 
erable percentages of nickel will produce an alloy With 
entirely austenitic. Since austenitic steels exhibit low 
nal limit values even at room temperatures, it ean hardly 
d that they will show unusually high values at elevated 
ires. For this reason, they are seldom used where eon 
stress Is to be withstood at medium elevated temperatures, 
een 1000 degrees Fahr. (538 devrees Cent.) and 1500 de 
Kahr. (S16 degrees Cent. 
kenson has reported the results of long-time creep tests on 
on and nickel-chromium steel both containing the same per 
es of carbon. Moreover, the nickel-chromium steel. 3.63 per 
kel, O.o7 per cent chromium, contains so little chromium in 
parison to the nickel that this steel may be considered as a 
| steel. On the basis of what has been said. this niekel-chro 
m steel should prove inferior to the straight carbon steel with 
spect to its load-carrying ability at high temperatures above the 
u-cohesive range. This difference in stability values would be 
‘ted to increase as the time of testing Was increased. An ex 
nation of the results reported by Dickenson show clearly that 
is the case, 
rom this, it can be concluded that plain nickel steels do not 
fer possibilities of having high load-carrying ability at elevated 
peratures above the equi cohesive range. The results of short 
ne tensile tests at elevated temperatures on two nickel steels dif 


ring only in carbon content are given in the appendix and Figs, 


nromium-Nickel Steels. The addition of both ehromium and 
‘el to a steel should give an alloy having properties which are a 
ombination of those mentioned in the above two eases. Nickel. 
Ussolving mainly in the iron, will increase the resistance to oxida 
n of the alloy while the chromium, being a carbide former. will 


to Increase the load-carrying ability of the alloy. 


\ 


Maleolm has published the results of lone-time creep tests on 


(1) 


um-nickel alloys in both the cast and rolled conditions. The 
n the rolled condition shows load-carrying ability nearly 
that of the 0.38 per cent carbon steel, a steel containing 


? 


cent more carbon than the chromium-nickel] steel, reported 
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in this paper. In the cast condition, however, the strength ex 







hibited by this alloy steel in the creep test, was much superior to 
that shown by the straight carbon steel. It must be remembered 
that in these alloys both the nickel and chromium contents were 
relatively low. 

In Figs. 26 and 27 and the appendix the high-temperature 
properties, as determined by short-time tensile tests of two chro- 
mium-nickel steels, are given. These steels contain practically the 
same percentages of both carbon and nickel, but the chromium con- 
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ring] 
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ingsten bearing steel to have the superior properties, 
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(O05 


s approximately twice that of the other. From what 


d, the alloy containing the higher percentage of chro 


d be expected to exhibit the hivher Proportional limit 


streneth values. An eXamination of the fivures will 


that such is the ease. 


isten Steels. Tungsten combines With the earbon rather 


the iron when added to steel. Since it IS similar In this 


‘hromium, the tungsten steels micht he expected to have 


ing properties somewhat similar to those shown by the 
mium steels. 
The etteet of tungsten upon the properties of metals at high 
eratures 1s shown in Fig. 30. It is true that this particular 


also contains about 8 per cent chromium. but if these results 


pared to those from Silerome. an alloy also containine from 


Or? 


er cent chromium. then the effect of tungsten can be deter 


() y 
} 


l. It is true that Silerome contains from 3 to 4 per cent 
its behavior to nickel does 
A Coln 
the 


especially 


on, but this element beine similar in 
iffect the load-carrying properties to any great degree. 
rison of the results obtained with these two steels will show 
the higher temperatures, 
/ Steels. 


combines with the carbon rather than with the ferrite. 


nganes Manganese is also similar to chromium in 


Kor 
s reason, the addition of this element should also Increase the 
carrying ability of metals at elevated temperatures. 

The short-time tensile properties of various carbon-maneanese 
els as determined by 


: » 
through 23. 


short-time tensile tests are given in Figs, 
Kor the purpose of comparison, the properties of a 


iin carbon steel containing the usual percentage of manganese 


le] ided. 


Krom the proportional limit values given in Fig, 21, 


] 
will 


be observed that in general the values obtained with the 


invanese 


Wo by 


; 
Sie 


steels lie above those of the plain carbon steels. 
lenum and Vanadium Steels. Molybdenum and vanadi- 


is are both similar to chromium and so should. like chro- 


ml, Increase the load-carrying ability of the alloys to which they 

e added. They both differ from chromium, in that smaller per- 
tages of these elements are required to produce the same changes 
mgTth 


he case of the chromium alloys, 
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SUMMARY 











This research was undertaken for the purpose 
three questions: First, what relation. if any, exists bet 
sults obtained from short-time tensile and long-time 
second, what are the factors atfectine the stability o 
ac 
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1) 
elevated temperatures; and third, what mathematical relations| steel 
exists between the variables encountered in long-time testing. 

In regard to the first. it has been concluded that whether or) mol 
any relationship exists between these two forms of testing depends op 
entirely upon the temperature range heing considered. If the te mn 
perature employed is at or below the equi-cohesive temperatur des 
which for plain earbon steels is 600 degrees Fahr. (316 degrees 
Cent.) or higher, then a limiting creep stress will exist and this \ Vi 
probably lie either at or above the proportional limit value as 
termined by carefully performed short-time tensile tests, an 

If the temperature employed is above the equi-cohesive t ON 
perature, then an absolute limiting creep STreSS does not @XIsSt al NT Or 


so there can be no relationship between the two forms of testin 
in this range of temperature. 


In this same connection, however 
our findings show that stresses requiring periods of 10,000 hours 


. . aon FE 
or so to produce rupture in this temperature range are generally 
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r of magnitude as the proportional limit values for the 
se same temperatures. Therefore, carefully determined 
| limit values are useful in that they represent stresses 


onsiderable periods of time to produce rupture. 


ard to proportional limit values, however, great care 
ised in their selection from the literature. Due to vari 


apparatus used for determining the proportional limit 


ne considerably are often reported for the same steel 


rving 
le. for a steel with which there has been occasion to do 


nit 


~at this laboratory, the highest proportional limit value 
oto obtain at 1000 degrees Fahr. (538 degrees Cent.) after 
le heat treatments is in the neighborhood of 15,000 pounds 


e inch, while another investigator reports a value for the 


steel at this same temperature of about 39,000) pounds per 
re meh, 
Our reasons for dividing the temperature range into two parts 


vard to any relationship existing between short-time and long 
At temperatures below the equi-cohesive 


e tests are as follows. 
perature, the erystalline phase is weaker than the so-called 


rphous phase and the metal behaves as a perfect crystalline sub 


nee, that is, it is perfeetly elastic, or nearly so, and any deforma 
n occurs largely within the crystal. Since elastic bodies have 
te proportional limits and exhibit no flow below this stress, 


|. in this temperature range, will exhibit the same properties. 
\bove the equi-cohesive temperature, however, the so called 


phous phase becomes the weaker and_ the steel exhibits the 


iit } 
operties of a VISCOUS Huid, that Is, it posseses no definite propor 


vO} 
nal limit and will flow continuously under any given stress pro- 


sufficient tume is allowed. 
metals at 


Considering the factors affeeting the stability of 
ted temperatures again two separate temperature ranges must 


va | 


ken into aecount. The stability of a metal or any other sub 
in only be increased by increasing the strength of or re 
the weakest phase present. Since the weaker phase in 
nves at a certain temperature, it is evident that the factors 


stability must also change at this temperature. 
he stability is desired at any temperature below the equi 


emperature, the following ways are available 


The addition or formation of any element, compound, or 
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THE 








constituent which does not enter into solid. si 
the matrix, but which by the very nature of 


interferes with the erystal slippage, will tend 














nk 
the stability at elevated temperatures of the 
Which it forms a part. 

2) The addition or formation of any element, compo ind. o 
constituent which tends to increase the amount of 





i?) 
a 





phous material existing between the grains of crys 


ais 





metals and like substances tends to increase the stabjlj: 
of the materials of which the amorphous substance fo» 


a part. 











If the stability is desired at any temperature above the eqy 


cohesive temperature, the following ways are available: 








1) The addition or formation of any element, compound 


constituent which decreases the relative amount of 





al 
phous material will increase the load-carrying ability. 





(2) The addition or formation of any element, compound, 





constituent which strengthens the amorphous boundari 
by interfering with plastie flow will increase the los 
carrying ability. 

















Many alloying elements influence the stability throughout {! 


entire temperature range of the steels to which they are added, | 





the effect upon the load-carrying ability may vary depending up 
the temperature under consideration. Nickel for example, insofar as 
it is a grain refiner, increases the stability of steel below the equ 











cohesive temperature but because of this same influence has the o; 








posite effect at temperatures above this critical point. The carbid 





formers, as chromium, tungsten, vanadium. and manganese. 





crease the stability of the metals below the equi-cohesive temper: 





tures, due to carbide particles interfering with crystalline slippag 





and increase the stability above the equi-cohesive range due to thi 





carbide particles at the grain boundaries interfering with plas 





How. Thus steels carrying carbide formers have improved stability 








characteristics throughout all temperature ranges, although 1t must 





be recognized that different carbide formers possess this propert) 
in varying degree. 








Considering the relationship existing between the variables en 





countered in long-time testing, the experimental results from the 


expansion tests were treated mathematically to determine whether 
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ss and time could be in any way related. The equation 
found to express most accurately the results was of the 
type: 

\ a x' 


stress In pounds per square inch, x duration in 


and b curve constants. 
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APPENDIX 


SHort-Timk& TENSILE TESTS ON VARIOUS SELECTED STEELS 


ven though the results obtained by means of expansion tests show that 
oportional Limit is not the limiting stress below which creep will not 
intil fracture occurs, they nevertheless are for the steels and tempera 
onsidered generally of the same order of magnitude as the stresses re 
many thousands of hours to produce rupture and so are, after a 
au measure of the stability of the material when under sustained loads 
ated temperatures, Also, it is believed that for temperatures in the 
orhood of 1000 degrees Fahr, (538 degrees Cent.) or above, the load re 
period of several thousand hours to produce rupture never lies much 
proportional limit value at that same temperature. For these rea 

the short-time tensile tests at elevated temperatures are valuable. 
question arises in high-temperature testing as to just what heat 
should be applied to the metal before subjecting it to the testing 
lt has been shown several times that in all tempering operations 
ctors must be considered, (1) the temperature employed, and (2) the 
during which the metal is maintained at that temperature. Therefore, 
s desired to subject the specimens to any sort of quenching operation, it 
essary to temper them at a sufficiently high temperature so that the 
at the temperature at which they are to be used will not cause any 
inges in structure with corresponding changes in physical properties, 
of the necessity of following any quenching treatment with such a 
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high degree of tempering, all the metals reported on in this sect 
jected to either a normalizing or an annealing treatment. 
two the 


It 


working conditions 


iS 


treatments more 





nearly 








represent 





countered in service, 








i 
ll 


The chemical composition of the steel whose properties, As 





the short time tensile test, have been investigated are 


given in t 
table. 
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O.0%4 





0 16 


SS ( Mn Si Ss P ( 

1) Carbon 0.37 0.69 

I Mangunesc OBO yy, O.115 O.014 O.O1L9 

| Manganese O.1S 1.31 O.O81 

(; Manganese 0.44 Lobo 0.171 0.028 0.09] 

i Manganese O.44 ” O68 OMG 0.0278 OY? 

| Nickel 0.10 0.438 0.160 0.018 0.024 ‘ 

I Nickel ; 0.23 O57 0.230 0.028 0.040 ‘ 

l Chrome Nickel O38 0.60 0.180 0.028 0.010 ( Q , 

M Chrome Nickel 0.41 0.56 0.050 0.022 0.011 1.24 
Chrome Nickel OLD O.48 O.o10 OORS O O05 19 08 @ 

) Nickel Chromium O81 0.65 0.910 O.02%4 0.005 " 

’ Chrome ‘Tungsten 0.40 0.59 O.760 0.019 0.005 0 

() Silerome 0.48 0.59 3.540 0.009 











If, the 


LOOO 


however, metals to be 


‘ 
Kahr, 


ure 








used at only relatively high t 





tures, such as or 1100 degrees 





(538 or 





593 degrees Lent 
quenching operations will often result in greatly improved properties 
moderate elevated temperatures. 






tr) 


The question of the effect of heat trea 

upon the stability of metals at temperatures in the neighborhood of 10 

grees Fahr. (588 degrees Cent.) will be considered in a future paper, 
Short-time 





tensile tests were conducted on 





five carbon-manganesi 


The first of this group is an ordinary steel but is included so that its prop 


may be compared with those containing higher percentages of 





manyal 





The results of this set are given in Figs. 


»%) 


to 


proportional-limit 


L5 


. 


) 


23 inclusive. On the basis ot 





findings, the 


cent 


manganese, 


O44 


per 


cent 





bon steel is the outstanding member of this group. This steel also shows 
































maximum reduction of area values over a large part of the temperature rai 
The maximum tensile strength values were obtained with the 2.06 per 
manganese, 0.44 per cent carbon steel. 

The properties of two nickel steels were investigated. These bot) 
tained the same amount of nickel but the carbon content of one was appr 
mately twice that of the other. The results obtained with these steels 
shown in Fig. 24 and 25. Neither of these steels appears to possess stal 





at elevated temperatures as the proportional-limit values decrease very rap 





with temperature increase in both cases. 





carbon content has the higher tensile strength values throughout the en 





temperature range, the difference becomes very slight at the higher temp 
tures. 








limit values below those obtained with the 1.55 per cent manganese steel. 











~6 and 27. 











up to 1L1LOO degrees Kahr. (593 degrees Cent.). 





limit values are also above those obtained with either of the nickel steels. 


Although the steel with the hig! 


| 


thy 


) 


taining relatively low percentages of chromium and nickel are given in lig 


The results of short-time tensile tests on two chromium-nickel steels co! 


y 


per cent chromium shows superior proportional limit values at temperatur 


s 


In this range, its proportiona 


Throughout the entire temperature range, these steels give proportional 


Of the two steels the one containing 1.79 per cent nickel and 1.4 


S 
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also conducted on two alloys containing sufficient niekel and 

ice the steels in the austenitic group. The results obtained with 

ls are shown in Figs. 28 and 29. Typical of all austenitic steels, 

ow relatively low proportional-limit valnes at the lower tempera 

vated. Steels of this class show a smaller percentage of decrease 
il limit values with increasing temperatures, however. 

a steel containing a large amount of silicon and chromium, and 
y high chromium-tungsten steel, were also subjected to this method 
The results are given in Figs. 30 and 31. Silerome gave the high 

ynal-limit value at atmospheric temperature of any of those tested, 
hromium-tungsten steel was superior throughout most of the re 
mperature range. 
utstanding proportional limit values in each of the above groups are 
Kig. 32. Krom these curves it can be seen that 1.24 per cent chro 
9 per cent nickel steel gives the highest values at 750 and 900 de 
399 and 482 degrees Cent.) while the 7.98 per cent chromium, 7.70 
tungsten steel shows the best values over the remaining higher pot 


temperature range studied, 


DISCUSSION 


Written Discussion: By P. G. MeVetty, Research Dept., Westinghouse 
and Mfg. Co., East Pittsburgh. 
This paper indicates the large amount of time and effort that are 
g given to the study of the properties of metals at elevated tempera 
The designers of apparatus for high temperature service find a large 
increasing number of alloys available. Two main problems pre 
themselves; first, to choose the material best suited for the purpose, 
to assign a safe working stress for this material under the con 
ns to be met in service. Any reliable test procedure which will sim 
these two problems will be of great value. 
fore accepting the conclusions reached by the authors, it is desira 


make a critical study of the basic data from which these conelu 


ns are drawn, For example—the authors refer throughout the paper to 


portional limit as determined in the short-time tensile test. Values 
given for temperatures up to 1500 degrees Fahr. even though the as 
is made that the equi-cohesive temperature for plain carbon steels 
eighborhood of 600 degrees Fahr. I should not expect a material 
if elastic properties if tested above the equi-cohesive temperature, 
ermore, L doubt very much if reliable proportional limit values at 
temperatures can be determined with the apparatus which was used 
ese tests. 
the long time tests, the authors admit that there is considerable 
tainty about the mathematics by which their stresses were computed. 
esults from the use under conditions of plastic flow of formulae 
the assumption of elasticity. Since the method of test differs 
at commonly used, I should like to ask the authors, how they justify 
ticular type of loadi 


ig for a fundamental study of this kind. 


















































































































































































































































Other investigators making 
sirable to go to the utmost refinement 
ture control. In this case 
of the tube, and is measured as a 


about 


mains strietly 


eireul 
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sections, 






OF THE 


reep) measure 


in strain 


difference 


On 


between 


7. a 


‘ments, 


measul 


t 


account 
homogeneity, this assumption is open to considerable question, 


T. 


have 


“ement 


wo 


3% inches to about 1 inch, and it implies that the tubs 


of 


I 


al 


strain represents a change in the ei; 


large 
Measurement of a diameter is equivalent to reducing the gage | 


if 


possih 


The use of a micrometer on a surface which has been sealed } 








introduces another error which may be of considerable magnitu i . 
thermore, the tube is removed from the furnace and measured | 
temperature is falling. Under these conditions it is difficult to jus 
applieation of a refined mathematical analysis to the data obtaiy 
this connection, | am particularly pessimistic about the extrapolati 
logarithmic curves, which are located by three or four sets of observations 

The authors have placed considerable stress upon the conditions whi 
exist above and below the equi-cohesive temperature, This hvypothes 
would be strengthened considerably if photomicrographs wer: show 
prove that a change from fracture through the crystals to fracture } 
tween the erystals occurs in the neighborhood of 600 degrees Fahr. 

Safe working loads are given for temperatures up to 1500 degrees 
Fahr. but the statement is made that the material will flow continuous 
at any stress when exposed to a temperature above 600 degrees Fahy 


This appears to require some explanation of what is meant by safe 


ing load. 


Worl 
The values given may apply in some eases, but they surely 


K 


| 
( 


not apply to applications in which the deformation within the life of t) 


material 


is held 


with 


in close 


limits. 


The importance of securing data on the stability of metals at el 


temperatures cannot be overestimated, but I do not agree that the method 


for 


used by 


Written Discussion: 


have made a 


that 


steels with alpha iron. 


peratures exce 


austenitic 


Kahr. 


ste 


ments is an alpha iron steel of 


‘Is 


number 


ed 


will 


the authors are suitable 
By E. 


short-time 


of 


1000 degrees 


maintain 


For example, the Enduro 


A 
l7 


the 


at elev 


tests 


austenitie steels will give better strength 


Prof. 


cent 


which 


per 


strength 


purpose, 


values 


White 


chromium 


values 


than 


at 
used 


with 


temperatures 


the 


1200 
in 
0.10 


carbon, while the corresponding austenitic steel will contain 17 


chromium and 8 per cent nickel. 


R. Johnson, Central Alloy Steel Corp 
ated 


chr 


vated 


| 
i 


ordn 


per 
pel 


By high alloy content some o 
de 


his C 


¢ 
1 


x] 


ary 


This becomes especially true when the testing ten 
Fahr. 


excellent 


tha 


Trees 
~ 


cent 


cent 


The latter develops better physical proj 


erties at a temperature of 1200 degrees Fahr. From a structural standpoint 


the Enduro A has two phases, alpha iron and carbides, while the austeniti 


steel remains a single phase throughout. 


erable variation of equi-cohesive temperatures. 


Therefore there should be 


( 


0 


? } 
nsid 


We have also made tests of alloy steels which have been heat treated 


to high and low hardness limits. 


variation between strength values, but at a temperature of 900 to 





At the low temperatures there is a wide 
LOOU 


DISCUSSION 


the physical properties approach each other very rapidly. 
ould also think that a heat treated section with its fine grain 
have a different equi-cohesive temperature than the same 


annealed eondition. 


Authors’ Written Reply to Discussion 


comments made by Mr. MeVetty are much appreciated. The 
ecognize that there is a difference of opinion among investigators, 


metallurgical investigators, as to whether or not metals POSS@SS 


elastic properties. Also they recognize that some may hold that 


n temperatures metals possess elastic properties, while at other 
tures they become plastic in nature. We feel enough work has 
lone to divide metal characteristics into two groups; the one repre 
y conditions below the equi-cohesive temperature and the other rep 
conditions above the equi-cohesive temperature. When above, the 
without doubt in a plastic state, and when below, we have the 
one believing that the metals are in a plastie state, the other 
ire in an elastic state. We recognize that the equi-cohesive tem 
is not a single temperature. It varies with the composition of the 
state of the metal, and the conditions under which the load is 
the metal. We mentioned 650 degrees Fahr. as being possibly 
equi-cohesive temperature for low-carbon” steel. We recognize 
of this composition may be in such a state that its equi-cohesive 
perature may be considerably higher. 
We appreeiate that the methods of measuring movement in tubes as 
rded in this paper are not subject to the same degree of refinement as 
en measurements are made in a straight tension test. The method was 
because a considerable amount of material used for high-temperature 
poses is tubular in character. We believe that the findings, in spite 
possible theoretical inaccuracies of the method, will be found in 
agreement with the work done by other investigators under the most 
d of conditions, and for that reason we feel that our mathematical 
etions are worthy of consideration. We recognize that these dedue 
ns are made on a limited number of tests. We appreciate that it would 
desirable to have other tests performed. We incorporated these math 
natical deductions as we feel that ultimately it will be possible to con 
experimental findings to mathematical laws. We therefore suggestively 
porated these laws, trusting that other investigators might be led to 
consideration to this same method of attack. 
Wi regret that Mr. MeVetty does net feel that the authors used 
‘is suitable for the investigation. Were our findings at variance 
those of other investigators who are recognized as doing careful work 
s field, we should feel that there might be some justification for Mr. 
ttv’s statement. So far as we have been able to observe, however, 


lings are in very close agreement with those of other careful in 


ra + 
} 


ors and, therefore, we do not feel that the methods we used were 


table. In faet, by making these tests on tube stock, we feel that we 





714 TRANSACTIONS OF THE A. 


have added materially to the general knowledge of the 


subject 
findings make it evident that 


long-time findings on bar 


mate 
used with reasonable safety on tubular stock. 


The authors are not able to agree with Mr. 


Johnson that 
steels will give better strength values at 


certain elevated ti 
than steels with alpha iron. In Fig. 32 of this 


jj paper proport 
curves at elevated temperatures for various selected steels ars 
of these steels, namely those designated as N and O are austenit 


LOOO degrees 


Fahr. they show values inferior to most of the ot 
considered even though the other steels are in either a normali 


nealed state. At the higher temperatures they exhibit values nea) 


to the best of the alpha iron steels, but not superior to them, at 
1500 degrees Fahr. 

We have also done considerable work upon the effeet of heat 
ment on the properties of various steels at temperatures in the 


hood of 1000 degrees Fahr., the results of which are to be present 


later paper. Here again we must disagree with Mr. Johnson 


as we 


find the physical properties approaching each other rapidly in this 
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AIRCRAFT MANUFACTL RE hardening and constitution, these alloys are 
similar to those of iron-carbon and alumi 
RGY Metallurgy and \eronau num-zine systems; in all three cases harden 
Vetallurgist (Supp. to Engi ing is due to decomposition of second phase. 
Nov. 30, 1928, pp. 163-164, Abstract translated from Archiv fuer Eisen 


huettenwesen, Sept. 1928. 
pers presented before Sociéte 


Manufactures before Société des EQUILIBRIUM, MODELS. — Models — for 
s de France: subject matte Analysis of Heterogenous Equilibria in Te 
hree chapters, first devoted nary Systems (Modelle zur Veranschaulichung 
metallurgy in general, second der heterogenen Gleichgewichte in Dreistoff 
founding, mechanical work sVstemen ), R Vogel Archiv fue das Eisen 
alloys, and third to thei huettenwesen (Duesseldorf), vol. 2, no. 6, 
nautical construction, Dec, 1928, pp. 389-394, 12 figs. 


Difficulties in interpretation of graphical 

Solid Drawn Tubing fo representations of three-dimensional graphs are 
ond.), Vol, 20. no, 51, set forth; discussion of 12 new models which 
1072-1074, 7 figs represent selection of simplest basic forms 
m facilitated by tube man of ternary systems and permit a direct in 


brief history of Reynolds terpretation of three-dimensional conditions, 
Birmingham; details of Sea 
‘ocesses employed on solid EUTECTIC Anomalies of Highly Dis 
steel tube for airships persed Eutectics, N. V. Aggeyer, 8S. A, Pogo 
used in airplane construc din and N. S. Kurnakov. Jzvestiya Instituta 
stressed parts: tubes drawn Physico-Chimicheskovo Analysa (Leningrad), 
hardening and tempering ; val. 4, no. 1, 1928, pp. 23-38, 12 figs. 
content has improved weld Experimental study of effect of degree of 
steel; comparative tensile dispersion of eutectic mixtures of lead and 
ind after welding tin and of silver and copper on their electric 
conductivity ; hardness and coefficient of elon 
gation. (In Russian. ) 
ALLOYS 
ALLOY STEEL 
a yeas erigh ont oe A. Progress in \lloy Steels during 1928, S. J. 
Masing Metallurgist (Supp. to En Hewitt. Indus. Chemist (Lond.), vol. 5, no. 
—— : ee 7 ; 48, Jan, 1929, p. 18, 1 fig. 
Lond.), Dec. 8, 1928, pp. 189-190, Most outstanding eran : ‘ ce 
‘ g progress in alloy-steel 
trade of 1928 is adapting of tungsten carbide 
tor high-speed cutting tools and introduction 
of nitrogenization process for hardening steels ; 
lispersion theory as explanation of important development in technique of high 
lening of duralumin; investigation of frequency melting of steels and steel alloys. 


pper alloys; in regard to age rrends in Engineering Alloy Steels, ©. E. 


f facts regarding age harden 
luminum alloys and discussion on 
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MacQuigg lron Age, vol 3, no 
1929, pp. Oodo-oodt, 


Some present trends in alloy steels; 


5, Jan. 31, neys, 


lower small tubes. 
carbon and higher allov content insure ade 
quate strength with greater toughness and 
ductility ; simpler heat treatments possible 
silicon and manganese steels have certain ad 


vantages; balance between carbon and alloy 


kunde (Berlin), vol. 20, no 
content; three per cent chromium steel low pp. 428-430, 7 figs. 
n carbon Abstract of paper presented be Investigation of individual cr 
for: Am. Soc Steel Treating 


STRENGTH The Relative Safeties of Mild 
and High-Tensile Alloved Steels under Alte! 


nating and Pulsating Stresses, B. P. Haigh. ALUMINUM-SILICON ALLOYS 
The 
De 


Chem. and Industry (Lond.), vol 48, no. 2, 
Jan. 11, 1929, pp 235-30, 38 figs. and Some Applications, 


tests ary Trade Jl. (Lond.), 


Reviews and discusses wide variety of 
ind experiments with alternating and pulsat 


ing stresses to illustrate and contrast condi 49-51, 14 figs. See 
tions in which fatigue cracking may be source (Lond.), vol. 34, nos. 
ff danger; endurance and _ fatigue’ limit; 25 


methods of measuring fatigue strength ; 
parisons between fatigue and tensile strengths ; 


properties of aluminum 
graphic comparison of different steel; factors of treating allovs cont 
ot safety, 


per cent of silicon, in 
casting with alkaline 


ALLOY STEEL CASTINGS 


containing alkaline’ fluoride’ with 
HEAT TREATMENT, Heat Treatment of Chloride, or even substance which 
Carbon and Alloy Steel Castings, J. E. Don treatment would yield alkaline fi 
nel lan lron Age, vol. 123, no. 5, Jan. 31, per presented before Inst Brit I 
1929, pp 342 and 344. and Inst. of Metals. 
Problems in quenching alloy steel  cast- 
ings; double normalizing treatment of car- ANTIMONY ALLOYS 
bon steel castings; alloy castings should, in Some Antimony Alloys. Metallurgist 
most cases, be tempered after normalizing, to Engineer, Lond.), Dee. 28, 1928, py 
to relieve brittleness and strain caused from 184, 4 figs. 
air quench and also to increase ductility Review of three papers recently ap; 
ind impact values; avoiding warping and in Revue de Métallurgie; two of the: 
straightening; metallography of two steels. by W. Broniewski and L. Sliwowski 
Abstract of paper presented before Western deal, first with antimony lead and s 
Metal Congress. with antimony-tin systems, while rem: 
one is translation of paper by Dean, 
ALLOY STEEL PRODUCTS rick, and Nix; all three have in common 
Production of Alloy Steel Ingots Increases that thes rely to very considerable extent 
97 Per Cent. Jron Trade Rev.. vol. 84. no. on physical property measurements 
1, Jan. 3, 1929, pp. 44-45. pally electrical conductivity, for elucid 
Progress in alloy-steel industry 18 times of diagram. 
as rapid as in general steel industry during : 
past 15 years; automotive consumption in AUTOMOBILE MANUFACTURE 
creases; of 43,311 tons of cold-drawn alloy HEAT TREATMENT. Heat Treatment 
bars produced in 1928, automotive industry Automotive Parts, J. M. Watson. Jr 
absorbed 30,970 tons; of 49,026 tons of vol. 123, no. 5, Jan. 31, 1929, p. 344 
pipe and tubes made last year, automotive Alloy steels for lighter parts; prope 
ind airplane’ industries purchased 44,514 desired in automotive parts vary with 
tons; output of forgings of alloy quality ties they are to perform and _ heat-treat 
umounted to 14,602 tons, processes selected are arrived at In 
cordance with use of part; modern 
ALUMINUM treating furnaces of continuous type 
CASTING. Some Difticulties Encountered heat treatment with laboratory precision 
in Aluminum Founding. Iron and Steel of stract of paper presented before Western Meta 
Canada (QGardent ile, (ue s vol, id. no, 12, Congress. 
Dec. 1928, pp. 387 and 3389. 


HEAT TREATMENT. 
Obstacles that have to overcome resemble, 


Aluminum-Silicon Alloys: 


gas pipe and producers 
heat-insulated surfaces ; 


heat 


STRENGTH. Strength of Cr 
nical Aluminum Alloys (Festig 
: ten von Kristallen eine 


r vereds 
niumlegierung), G. Sachs. Z 


nically important alloys; tens 
analyses, and recrystallization test 


R. B. 


vol. 40, 
648, Jan. 10.and 17, 1929, py 


I 


also Metal 


3 and 4, 
29, 1929, pp. 75-78 and 103-106, 6 
com Modification  treatme 


nt, whict 


silicon 
1ining 


molten 


1) 


fror 


sta 


fluoride, of 


Heat-Treating at 


ae ; Reo Plant. Am. Mach., vol. 7! 
n their character, those encounte red in molten 31, 1929, pp. 196-197, 8 figs. 
steel, chill and mixed casting methods; dif 


ferent types of aluminum = castings require 
special treatment. 


Heat-treatment methods employed 
of Reo Motor Car Co. are illustrated 


halttones, each accompanied 


ALUMINUM ALLOYS sere. 
PROTECTIVE COATINGS, Heat-Insulating AUTOMOBILES 


Properties of Aluminum and Their Applica GEARS AND GEARING 


tions (Les propriétés calorifuges de |’alu 


Continuous Furnace Improves Gear Hardel 
minium et leurs applications), M de Biran. ing Process. Automotive Industries, vo 
Chaleur et Industrie (Paris), vol. 9, no. 103, no. 25, Dee. 22, 1928, pp. 904-908, 4 fg 
Nov. 1928, pp. 413-417, Practice of Warner Gear Co, is discusse 

Résumé of certain principles relating to upsetting for all gears insisted upon; 
heat. transmission; aluminum foil and coat ing temperature; ideal way of annealing ! 
ings; aluminum painting of furnaces, 


» ho, 


by br 


chim ings en masse is to have them pass tl 


Ain 


7 
fal 


a 


Al 


HARDENING 








BERY! 


( 
i 


X-I 


B 
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and cooling zones main 
! by automatic pushing and 
H imp furnace method best but 
.1. metallurgical, and mechanical 
essary: evaniding methods; elim 
gl quench ; best quenching tem 
Abstract of paper presented be 


Steel Treating 


‘RYLLIUM 

CTROLYTIC PRODUCTION, The Pro 
nd Uses of Beryllium, K lllig 
(Lond.), vol. 33, no. 26, Dec, 

614-617. 
Wohler obtained metallic bery] 
ars ago by reduction with potas 
not until recently that Stock and 
produced metal by fused-electro 
their method has been developed 
Institute, and large masses of 
) are now turned out commer- 
of certain new metal alloys 
Paper read before Am, 


BERYLLIUM ALLOYS 


Change n Length and Modulus of Elas 
Beryllium-Copper Alloys during Heat 
(Aenderungen der Laenge und des 
etsmodulus der Beryllium-Kupferle- 

ei der Verguetung), O. Dahl and 

eit. fuer Metallkunde (Berlin), 

12, Dec. 1928, pp. 433-436, 5 


n both of these prope rties is not 
refining process, but is directly in 
enced | legree of separation. 

X-Ray Analysis of Improvement of Beryl- 
vs (Die Verguetung bei den Beryl- 
rlegierungen im Roentgenbild), QO. 
Holm and G. Masing. Zeit. fuer 
le (Berlin), vol. 20, no. 12, Dee. 

3, 3 figs. 


, 
435 
of investigation carried out at re- 
oratory of Siemens-Werke; in X-ray 
n of heat treatment wires were 
rom 800 deg. Cent. and aged at 
temperatures, 


$31 


BOILER PLATES 


AGE HARDENING, Age Hardening of 
r Plate and its Prevention (Alterungs 
ngen an Dampfkesseln und ihre Ver 
I Nehl. Zeit, des Bayerischen 
eins (Munich), vol. 32, nos, 23 
15 and 31, 1928, pp. 315-317, 
324-325, 1 fig. 

ind effect of aging are discussed 
means of prevention are recom 
st 1s use of steel less subject to 
st of such material, however, is 
prohibitive; by use of welded drums 
tandard steel, it is possible to obtain 

material entirely resistant to aging. 


B 


BRASS 


ALUMINUM EFFECT. The Effect of Alu- 
nur n Brasses, J. Silberstein. Metal IJn- 
y (Lond,), vol. 34, no. 1, Jan. 4, 1929, 


ition of behavior of aluminum in 
and bronzes, and statement of cases 
ch addition of aluminum is of advan 

in which it is not; melting loss 
d by aluminum; suitability of alu- 
bronzes for permanent-mold castings ; 
base alloys strengthened by addition 


f aluminum; harmful effect of aluminum 
addition, 


CADMIUM PLATING 

The Electro-Deposition of Cadmium = and 
Its Allovs. Am. Metal Market, vol. 35, no 
240, 2nd section, Dec. 15, 1928, pp. 18-21 
and 51 

Deposit of cadmium had color more nearly 
approaching that of silver; cadmium plate 
adheres tenaciously and takes equally well 
on all metals; cadmium deposition from 
cvanide solutions, from fluosilicate, per 
chlorate, fluoborate and _ fluoride solutions, 
from sulphate, phosphate, chloride, bromide, 
iodide and acetate solutions, and from 
moniacal and alkaline tartrate solutions 
trodeposition of cadmium-silver alloys 


ith 


° ele 


CASE HARDENING 


Case Hardening of Steels by Special Man 
ganese alloys (Sur quelques cementations 
d’aciers par des alliages speciaux dX base de 
manganese), J, Cournot. Revue de Métal 
lurgve (Paris), vol. 25, no. 12, Dee. 1928, 
pp. 669-670, 

Composition of powder, structure obtained 
and hardness realized; 


resistance to corro 
sion, 


BATHS. Salt Baths and Tool-Handling, 
C. B. Gordon-Sale. Can. Machy. (Toronto), 
vol. 39, no. 25, Dec. 13, 1928, pp. 34 and 
66-67, 

Salt baths not always adaptable for 
tain work and seldom used for 
high speed steels: type ot pot 
method described; mixtures 


cer 
hardening 
and heating 
for temperatures 
ranging from 240 to 500 deg. Cent.; cyanide 
baths; advantages of salt bath over lead on 


CYANIDE BATH. Salt Bath Hardening 
Automobile Engr. (Lond.), vol. 19, no. 250, 
Jan. 1929, p. 16. 

New flux for rapid and deep carburizing, 
known as Durferrit hardening flux, is de 
scribed; by addition of various ingredients 
to sodium cvanide Deutsche Gold- und Silber 
Scheideanstalt, of Frankfort-on-Main, have 
flux evolved by means of which satisfactory 
case up to 1 mm. depth can be obtained; 
good finish of work after treatment; absence 
of distortion claimed, 


CYANIDE BATH. The Cyanide Bath, V. 
Hillman. Fuels and Furnaces, vol. 7, no. 
Jan. 1929, pp. 31-34. 

Low-carbon steel, treated by sprinkling 
potassium cyanide or its equivalent over 
heated metal or immersing parts in molten 
solution rich in cyanogen content, develops 
very hard case in newly formed layer; venti 
lation necessary during operation of bath, 
its composition, operation, and resultant case 
and core; various compounds that are used 
in making up bath, their concentration and 
proper method of keeping them up to strength, 
proper temperature at which to operate cy 
anide bath, depth of case obtained, and physi 
cal qualities of both case and core, 

DISTORTION. Distortion in Case-Harden 
ing, M. R. Barat. Metallurgist (Supp. to 
Engineer, Lond.), Dec. 28, 1928, pp. 181 
182. 

Trouble due to distortion during case 
hardening and quenching is capable of more 
satisfactory treatment than by subsequent 
rectification ; author suggests that it may be 
possible to predict and calculate amount and 
nature of distortion likely to occur and to 
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provict tor it, to 
changing size and 
duced prior to 


very great 
shape of 
cementation ; 


extent, by 
rb jec t as pro 


causes of dis 


tortion Abstract translated from Revue de 
Métallurgie, Ocet. 1928 
CASTING 

CENTRIFUGAT \ Notable Foundry 
Tron and Steel Industry (Lond c vol, 2, no 
3. Dew 1928, pp. 69-71, 3 figs 

Centrifugal casting department of Thorn 
clitfe Iron Works of Newton and Chambers 


ind Co., is described; two large 
one small experimental cupola; 
of piston-ring drums = and 
discovery of means 


cupolas and 
production 
ev Linder ime rs, 
whereby low-silicon low 
material can be cast by 


Hurst-Ball ma 


total-carbon-content 


centrifugal casting process ; 


chine 


CAST TRON 


ALLOY lloy Cast Lrons, A. B. Everest 


Foundry Trade Jl (Lond.), vol. 40, no. 648, 
Jan ce Lore, pp 45-48, 2 figs 
Ultimate structure of cast 
mined primarily by 
bide and graphite in 
tory of sample ot 
influence of 
ment 
nicke in cast 
influence of 


tions; nickel 


GRAPHITI 
sional 


iron is deter 
relative stability of cat 
iron, and thermal his 
iron under consideration ; 
composition; choice of alloy ele 
influence of aluminum; influence of 
iron; use of nickel-chromium ; 
chromium; cost of alloy addi 
in special cast 
STRUCTURE, 
Structure of Graphite (Die 
des Graphits), F. Roll, Cresserei 
dors), vol lb, no ol, Dee, aa, 
1270-1274, 16. figs 

Method is 


tion of 


Iron, 


Three-Dimen 
Raumform 

(Duessel 
1928, PP. 


described by 


which determina 
volumetric form of 


graphite by me 


chanical means can be effected; catalytic 
mnvestigations ure also briefly described. 
sibliography 

HEAT TREATMENT. leat Treatment of 
Cust Iron, J. W. Donaldson. Foundry Trade 
Jl., vol 3Y, no, 644, Dee. 20, 1928, pp. 
f4-446, 


Discussion of 


paper which appeared = in 
Oct. 25 and Nov, 1 issues of journal,  Criti 
cal silicon percentage; results of phosphorus 
experiments showing stability effects recon 
sidered, in case that specimens were heated 
above critical temperature; author ques 
tioned as to whether preliminary annealing 
it higher temperature prevents growth when 


material is again heated to lower temperature. 


NICKEL The Influence of Nickel on Com 
bined Carbon in Gray tron, J. R, Houston, 
im. Noe. Steel. Test Trans., vol. 15, no. 1, 
lan 1er9, pp 145-153, and 
153-157 and 169, 10 figs 

In recent Vvears 
nickel that it is 
iron, and that by its use in 
position, both amount and structural form 
of combined carbon may be controlled to 
marked thereby giving density to 
sections and machinability to light 
sections, which, if true, makes it valuable tool 
in hands of foundry metallurgist, 


( discussion ) 


claim has been made for 
pearlite builder in = gray 


favorable com 


cle gree, 


he uvy 


NICKEL AND CHROMIUM CONTENT, The 
Influence of Nickel-Chromium on Cast Iron, 
\ B Everest and D Hanson. 


Foundry 
rade Jl, (Lond.), vol. 40, no. 646, Jan, 3, 
1929, pp. 5-10, 14 

Influence of 


bination and 


figs. 
nickel and chromium in 
individually on foundry 


com 
iron; 
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laboratory tests on influency 


chromium on high-grad 
erties of 


evi ’ 
series of step castin 


ness determination; fractur 
ture; nickel will harden 
cast iron and_= eliminate 


its 
chilling; chromium increases } 
and also its 


workshop tests 


tendency to 


being made 


PROPERTIES 


Invest igat 
Between 


Compressive and Ber 
of Cast lron ( Beitrag zur Unts ' 
Zusammenhanges zwischen Dru ? 
festigkeit des Cusseisens), S 


Cricsserei 


(Duesseldor{), vol. 1 
14, 1928, pp. 1251-12538, 5 fi 


Results of tests show relatior 
pressure and bending strength 

rich cast iron; 
content of 


influence strength 


tests also show 
hese 


ove! 6 per 


PROPERTLES Improves Cast ( | 
With Steel Serap Additions, | | 
baker Foundry, vol. 57, no. 1. J | 
pp. 10-12, 3 figs. 

Methods of securing desirabl t 
cast iron further discussed: feat ( 
salli cupola and Dechesne  jolting 
jolting molten metal in ladk 
beneficial since gases are freed, 
made innocuous and solution is mixe: 
oughly tables give results of t 
iron made by various methods (4 
CHAINS 

ANNEALING. service Annealing [8 
and Crane Chains, W. J. Merten i . 
Steel Treating—-Trans., vol. 15, n i). 
1929, pp. 193-209 and (discussion) 209 
“1 figs. 

Inconsistent results In duet 


trength are ordinarily 
are annealed at 
links that have been severely deformed 
cold worked in service author = ree 

uniform recrvstallization at 
siderably above 
culation of 


obtained wher 
temperatures un 


temper it 

transformation range 
permissible 
average cross-sectional 


Stresses t 


dimensions of 


FAILURI The Ca 
Wrought-lron Chain and ¢ 


WROUGHT TRON 
of Failure of 


H. J. Gough and A. J. Murph ] 
Mech. Eng x, Proce (Lond.), no 5 1yvs 
pp. 298-326 and = (discussion) 3827 , 
figs. 


Failures and characteristics of over! 
wrought iron; failures due to fault 
or to welds which have deteriorated in 
ice; series of experiments made to st 
effect of repeated static straining; invest 
gation of properties of various Wrought 
chains drawn from service of known hist 
conclusions drawn from results of research 


CHROMIUM ALLOYS 


Chromium Alloys, F. M, Becket VW 
Vet., vol. 10, no, 265, Jan, 1929, py 
lL fig. 

Types of chromium steel; chron 
plements and enhances effect of car! 
hardening; its effect on corrosion res 
(Concluded. ) 


CHROMIUM-COPPER STEEL 
Chromium -Copper 
rosion Resisting 


Steels as Possibl Cor 


Alloys A S 


Ferrous 
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of two papers published in Dee 
ie of Zeit. fuer Metallkunde; first paper, 
if experimen by Dahl, Holm and Masing, deals with X-ray 
of merits of study of 


Issu 


age-hardening process in these al 
steel; study lovs; second paper, by Dahl and Haase, deals 
and practical with changes of length and of 


main purpose lus in copper-beryllium alloys 


elastic modu 
during awe 


nmercia 


steels hardening 


l 
mbined with 


producible at COUPLINGS, FLEXIBLE 


esults are suf 
a vid - FATIGUI What Happens in Couplings; 
va litic Katigue of Materials: What It Is and How 
it Oceurs in Flexible Couplings, H. F. Moore 
7h Iron and Steel Engr., vol. 5, no. 12, Dec 
HROMLL M-NIE KEL STEEL t 


1928, pp. 513-517, 8 figs 
~ Hardness and Impact Resis 
Nickel Steel, B. F. Shep 


ito). vol 39, no 


katigue of metals discussed; dangerous ef 
fect of reversing stresses due to misalignment 
f shafting; function of flexible coupling; 
3-214 table gives fatigue limit and energy storing 
hardness, and ten capacity for various metals; coupling with 
i-nickel steel of S A] flexible materials eliminated ; Fast’s coupling 


nickel and ecarbon developed on floating-sleeve principl with 
sts indicate that this il 


| n standard analysis 

nperature of 550 deg Dik CASTING 

— pe ee ee Die Casting Machines Make Vari 
Me! a ~ Parts, H R Simonds Foundry, Vv 
hardness iw not extreme no 2. Jan 15, 1929. pp 72-77. 9 figs 
presented before Am. So Details of plant and methods of Newton 
Die Casting Corp., New Haven, Conn.; flow 
of material through plant; die-casting 
CHROMIUM PLATING chines and operations; method of 


S hromium Plating, R. Sehneice dies; scheme of discarding old 


us load-carrying agent 


ety 
| 


ha 
cooling 
dies; finish 
no Research Bul., Inv operations; cost estimating 
oo figs ALLOYS Zinc Base Die Casting Alloys, 
electro-deposited R. M. Curts Sibley Jl. of Eng., 
ial methods for its O Dec 192s, pp. 818-3820 and 346, 9 figs 
uuint of original re Discussion of important facts and develop 
of Michigan during ments pertaining to zine-base die-casting al 
view of scientific and loys; briefly outlines both importance and 
subject; summary ot process of die casting; summarizes best 
ranged in tabular form base die-casting alloys available today. 
Indus Power, vol Ll, 
pp 9-162, 164, 166 and DIES, FORGING 
MANUFACTURE. The Manufacture of Die 


Blocks, J. A Succop Heat Treating and 

ati wri “e-CO ‘ 
automatic temperature-con Forging, vol. 15, no. 1, Jan, 1929, pp. 51-54, 
how bright leposits ure ob { : 


figes. 


vol. 42, no 


ZAUTIC 


mium characteristics; elec 


Making of die blocks is traced from open 

a a hearth charge to heat-treated and tested 

CHROMIUM STEEL product; steel is made in two 18-ton acid 
open-hearth furnaces; acid process is used; 
forging and heat-treating practice; factors 
in proper heat treatment of die blocks; 
proper heat-treating temperatures, uniformity 
of temperature and time on temperature ; 
since hardening cracks’ are 


Study of Ternary Chrome 

A étude des aciers ter 

J. Pomey and P. Voulet 
(Paris), vol. 25, no. 

665-667, 3 flzs. 

iustenitic steels are stud 

\ points discussed. 


occasionally 
formed, die is subjected to ringing test; 


chemical composition and physical properties. 
COPPER ALLOYS 
Content and Uses of srass DROP FORGINGS 


Allovs, W H Bassett Producing an Unusual Drop Forging, W. 
nto), vol. 40, no. 1, Jan. Hlopson, Heat Treating and Forging, vol. 
32, 8 figs. 15, no. 1, Jan, 1929, pp. 60-61, 3 figs. 
various copper alloys; Lake Method whereby piece could be produced 
f refined and deoxidized cop as drop forging, requirements of which were 
effect of boron suboxide ; that teeth had to be sharp and of even 
lled and annealed copper ; height, so that when toothed surface was 
Everdut ; Copper in enginee! placed on plece ofl 6-in, pipe, every tooth 
hot working; leaded came in contact with pipe. 
ust ot copper and 
increasing, 


ELECTRIC FURNACES 


ita : ANNEALING. Electric Annealing Furnaces 
COPPER-BERYLLIUM ALLOYS (Der elektrische Temperofen),  F. 
I llum Alloys. Metallurgist (Supp. Giiesserei (Duesseldorf), vol, 16, 

1), Jan. 25, 1929, pp. 13 18, 1929, pp. 61-62, 3 


Russ, 
no. 3, Jan. 
figs. 


Advantages of electric annealing are set 
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forth, and two types of furnaces are recom 
mended ; special electric furnace 1s described 
which is equipped with hood and has annular 
muffle with heating elements arranged along 
walls; results obtained with this furnace are 
given 

ANNEALING. Electric Furnace Anneals 5.4 
lb. of Steel per Kw.-hr. Elec. West, vol. 
62, no. 1, Jan. 1, 1929, p. 10, 8 figs. 

Description of furnace 5 ft. 6 in. wide, 
11 fi. deep and 5 ft. 6 in. high, inside 
measurements ; temperature of furnace is con 
trolled automatically; furnace has demand 
of 274 kw.; outstanding advantages noted 
by American Foundry & Machine Co. in 
electric-furnace operation. 

HEAT TREATING. Electric Heat Treat 
ing Proves 70 Per Cent Lower in Cost, 
Hi. KE. Searbrough. Elec. World, vol. 93, no. 
3, Jan. 19, 1929, p. 154. 

Vertical, cylindrical-type furnace, 30 in. in 
diam. by 30 in. deep, was installed about 
vear ago at Maytag Co., Newton, Iowa, and 
has proved both economical and satisfactory ; 
it is rated 37 kw. 220 volts, single phase ; 
used for normalizing and annealing small 
crankshafts used in manufacture of gasoline 
engine-driven washing machines, 

HEAT TREATING. Use of Electricity in the 
Heat Treatment of Metals, C. L. Ipsen. Jron 
Age, vol. 123, no. 5, Jan. 31, 1929, p. 344. 

Advantages of electric furnaces for heat 
treating are discussed, Abstract of paper 
presented before Western Metal Congress. 

HIGH FREQUENCY. Spark Gaps in High- 
Frequency Furnaces (Les éclateurs de fours 
dX haute frequence), R. Dufour. Recue 
Générale de UElectricité (Paris), vol. 24, no. 
26, Dec. 29, 1928, pp. 970-972, 3 figs. 

General discussion of spark gaps, kinds and 
power limitations. 


INDUCTION, Electric Induction Furnaces 
“Russ” Type (Fours électrique a induction 
systéme ‘“‘Russ’’). Jl. du Four Electrique 
(Paris), vol. 37, no. 12, Dee. 1928, pp. 
369-374, 9 figs. 

Comparison of large and small induction 


furnaces; advantages; installations and oper 
ation, 


INDUCTION, Heating by Induction (Le 
chauffage par induction), P. Bunet. Revue 
Générale de UElectricite (Paris), vol. 24, 
no. 26, Dec, 29, 1928, pp. 965-970, 4 figs. 

General discussion on Kelvin method; fur 
naces fed by alternators, by discharge from 
condensers; arrangement of windings; use 
of iron in furnaces. Bibliography. 


METALLURGICAL. The Electric Furnace 
in the Iron Industry, J. G .Webb. Stone and 
Webster Jl., vol. 44, no. 1. Jan. 1929, pp. 
56-62, 3 figs. 

There are three types of electric furnaces, 
induction, resistance, and are furnace; appli 
cation of electric furnace in manufacture of 
specialties is illustrated by example. 


STEEL MELTING. Electric Melting of 
Alloy Steels, H. M. German. Jron and Steel 
Engr., vol. 5, no, 12, Dec, 1928, pp. 507-510. 

Stassano, Kjellin, Heroult, and Girod elec- 
tric furnaces described in historical sketch ; 
growth of electrical steel industry in United 
States; cold melting practices with complete, 
partial, and no oxidation; selection of method 
governed by analysis of available charging 
materials; refining slags; temperature of 
metal before tapping. Paper presented be- 
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fore Industrial Heating ( 
State College. 

TEMPERING., Rejects 
Spring Tempering, P. N. R 
vol, 93, no. 5, Feb, 2, 19 
2 figs. 

Electric conveyor-type ter 
at 10 kw. built by Barber 
ingham, Mass., for use in pr 
steel springs of about 0.40 
component formerly temper 


FERROALLOYS 


CASE HARDENING Dey 
ter of Case Induced by Mixt 
Alloys with Carburizing Cor 
Mahin and R. C. Spencer 
Test Trans., vol. 15, no. 1. Ja 
117-141 and (discussion) 14] f 

Experiments described show ¢ foil 
absorption is confined to 
iron or steel, carbon adsorptior sae 
carburization may be retarded without 
terially affecting rate of inwa 
of carbon after it has beer 
utilizing this principle it 
duce deep case without zone of fre 
by using ordinary carburize1 
with ferrosilicon. 


surt 


FORGINGS 

MACHINE, Some Notes « ‘ 
of Upset Machine Forgings, | oi 
Can, Machy. (Toronto), vol 


v. Oo | 
27, 1928, pp. 202-205, 20 figs 
Upsetting of steel in forging mact 
discussed; results of tests and pl 
graphs are given to show endwise w 


e 
of material places grains in cl 


oser endwise 
mation; other tests described: tabk tay 
elastic limit, ultimate strength elonga 


and reduction of area; no 
to indicate any unsatisfactory results thi 
upsetting on any alloy steels or nonfer 


or 


metals, Paper presented before A s 


for Steel Treating. 


FURNACES, ANNEALING 


OONTINUOUS. Double Deck Conv 
Furnaces Used for Annealing Stam 
Fuels and Furnaces, vol. 6, no. 12. | 


1928, pp. 1655-1657, 3 figs. 
Oil-fired furnaces, of continuous cony 
hearth type in which product is heated 
upper chamber and cooled in lower cha 
are used for annealing of automobile ft 
wheel hub stampings between drawi 
tions, 


GAS FIRED. Gas Fired Car Bottom | 
naces Used for Annealing Steel Casti 
W. P. Hand. Fuels and Furnaces, 
no. 12, Dec. 1928, pp. 1751-1752, 3 figs 

Carbon and manganese steel parts 


curately heat treated; furnaces automatica 


controlled ; construction and operation ol 
nace; construction of car. 


FURNACES, FORGING 
FUELS. ‘Test of Heating of Contu 


Furnace by Mixture of Blast-Furnace © 


and Pulverized Coal with Possibility of ' 
tinuing the Heating with Pulverized- 
Alone (Essais de chauffage d’un four cont 
par mélange de gaz de hautsfourneaux et 
charbon pulvérisé, avee possibilité 

tinuer le chauffage au charbon pulvérise & 


evidence exis 





NTINI 


ENGINEERING INDEX 


(Paris), vol pulverized coal are discussed, and design of 
117-131 and different reheating furnaces and welding fur 
naces With pulverized-coal firing are described, 
yn continuous furnace 


ks; air necessary fot HEAT TREATING EQUIPMENT 


and results obtained Shop Equipment Review Heat-Treating 
Equipment. im. Mach., vol. 70, no. 
PURNACES, HEATING 17, 1929, pp. 101-103, 10 figs. 
ple Fired Heating Fur Semi-annual résumé of heat 
of Design Tron ment described in Shop 
8, Jan 17, 1929, Section of magazine 


3, Jan. 


treating equip 
Equipment News 
during last six months 
of 1928; details of electric furnaces, heat 
large continuous recupera exchanger, annealing pot, and furnace pot. 
ally designed for reheat 
steel blooms On mass HEAT TREATMENT 
new mill of Timken TEMPERATURE CONTROL, Scientific 
Canton, Ohio; three trol 
n hearth construction af 
finished material at uni 
nd provide flexibility in 
atural gas used fo fuel ; 
in hour 


Con 

of Heating in Heat Treatments (Le con 

trole scientifique du chauffage dans les traite 

iments thermiques), R. Gaillard. Métallurgic 

(Paris), vol. 60, no, 48, Nov. 29, 1928, pp 

27-30, 5 figs. 
Discussion on scientific research in heat 

Reheating Furnaces for treating and necessity for scientific control 
Iron Age, vol. 122, no. 26, of temperature and its importance, 

pp. 1632-1634, 3 figs 

gvh-quality alloy blooms = on HIGH SPEED STEEL 

ction basis at new: mill of 
ind Tube Co., Canton, Ohio, 

tw large continuous reheating 


HARDENING. Hardening High-speed Steel, 
© B. Gordon-Sale. Machy. (London), vol. 
33, no. 843, Dee. 6, 1928, pp. 306 807, 2 

perative furnaces using nat tis 
ich having Capacity of 40 ” New 
soaking chamber forms part 
earth has three zones; control 


practical method developed for pur 
pose of utilizing advantages of steel for spe 
cial tools or irregular section where it was 
necessary to finish tool before hardening; 
tools packed in nichrome or aluminized steel 
Continuous Furnaces for box with good-quality charcoal, box heated 

Blooms Fuels and Furnaces, to 1050 deg. Cent. for 3 or 4 hr., and tools 
Jan. 1929, pp. 50-58, 4 figs. quenched in oil. 

ire reheated in two triple 

type reheating furnaces, each INGOT MOLDS 

ipacity of 40 tons per hour; 

system of firing; re 


matic, refractory recuperator 


Heat Balance Between Ingot and Mold Wall 
(Ueber den Waermeausgleich zwischen Block 
on oi furnace, und Kokillenwandung), B. Matuschka. Ar- 

GENERATORS Study of Reheating chiv fuer das Eisenhuettenwesen (Duessel 
th Reeuperators in Which Part of dorf), vol. 2, no. 7, Jan. 1929, pp. 405-411 
are Reversed (Etude des and (discussion) 411 413, 13 figs. 
avec recuperateurs, dans Heat movement occurring with solidifica 
uirne une partie des fumées tion of ingots in molds is investigated, and 
Seiglh Génie Civil (Paris), it is shown that that part of solidification 
Jan. 5, 1929, pp. 7-12, 11 figs. which results from heat balance between 
eating and recuperating process ; ingot and mold wall is deciding factor in 
t f single furnace using pro formation of crystalline structure; tempera 
ng with no loss by radiation; ture curves of ingot and mold walls are plot 
recuperative furnaces ted and important thermotechnical influence 
of ingot removal is shown, 
FURNACES, INDUSTRIAL 
DESIGN Practical Industrial-Furnace De IRON AND STEEL 


M. | Mawhinney. Mech. Eng., vol. CORROSION. Colloidal Theory 
] ! 


of Rusting 
Jan, 1929, pp. 93-94. 


Process (Ueber die Kolloidtheorie des Rost 
Korrosion und Me- 


published by J. Wiley and vorganges), G. Schikorr. 
brief historical review of fur tallschutz (Berlin), vol. 4, no. 11, Nov, 1928, 


ent; selection of fuels, their pp. 242-245, 1 


fig. 
ind comparative costs; meth Report of Dahlem Government Bureau for 


ipphieation and furnace types testing materials; criticism of Newton Friend’s 
refractory design and con theory ; author supports old theory. 
of metal parts of furnace 


ire measurement and control. CORROSION PREVENTION, Effect of Ad 
ditions of Lime and Soda Ash to Brackish 
. . sii s Water on the Corrosion of Iron and Steel, 
PURNACES, METALLURGICAL H. O. Forrest, J. K. Roberts and B. E. 
PULVERIZED COAL, New types of Pul Roetheli. Indus. and Engr. Chem., vol. 21, 
( rired Furnaces in Steel Plants no. 1, Jan. 1929, pp. 33-35, 6 figs. 

ten kohlenstaubgefeuerter Oefen Treatment of brackish or semi-salt water 
en), G. Kehren. Stahl und to retard corrosion of exposed iron or steel 
rf), vol. 48, no. 51, Dec. structures is studied; larger-scale studies are 
1769-1773 and (discussion) recommended to determine minimum quantity 
gs of lime or soda ash necessary to maintain 

governing quality required of thin protective scale on structure, 
















































































































































































































































































































































































































































































































































































































































































TRANSACTIONS 


OXYGEN DETERMINATION Present-Day 
Methods of Determining Oxygen Content of 
Steel and lron (Ueber den heutigen Stand 
der Bestimmung von Sauerstoff in Stahl und 


Eisen), O. Mever Zeit. fuer angewandte 
Chemie (Berlin), vol. 41, nos $8 and 49, 
Dec l and &, 1928, pp. 1273-1276 and 1295 


1298, 6 figs 


Discussion of residue and reduction meth 


ods; review of recent researches in Germany, 
Sweden, Great Britain, and United States. 
SLAG INCLUSIONS. Present Knowledge 


of Slag Inclusions in lLron and Steel (Unsere 
vegenwaertigen Kenntnisse der Schlackenein 
schluesse in Eisen und Stahl), C. Benedicks 
and H Loefquist Stahl u. Eisen (Duessel 
dorf), vol ‘8. no. 62, Dec. 27, 1928, pp. 
1898-1899 

Review, by W. Hessenbruch, of first part 
of work presented at International Congress 
for Materials Testing at Amsterdam, Sept 
1927: analysis of inclusions and their effects 
m properties of steel; behavior of inclusions 
in charge before solidification; influence of 
slag particles on grain size of metal Origi 
nal work contains extensive bibliography, 
which, in opinion of reviewer, 1s one of most 
important features of work. 


IRON AND STEEL RESEARCH 


Steel Owes Much to Research, G. K 
Burgess. Iron Age, vol. 123, no. 1, Jan. 3, 
1929, pp. 40-41. 

Notable progress in alloy steels in past 
decade; advantages linked with research; sev 
eral new tools research developed; malleable 
ind cast iron made over; Various advances 
briefly catalogued; group method of study 


cle Ve lope d. 


MANGANESE STEEL 
CASTING. Explains Manganese Steel Pro 
duction in the Electric Furnace, J. Trantin, 


dt Foundry, vol. 57, no, 2, Jan, 15, 1929, 
pp. 52-55, 23. figs. 

Heat treatment of manganese steel is dis 
cussed; results of number of investigations 


to show effect of treatment at different tem 
peratures ; micrographs illustrate variations in 
grain structure at these temperatures. (To 
be continued, ) 


TESTING The Wear Testing of Manga 
nese Steel, J. H Hall. Vetal Stampings, 
vol. 2, no. 1, Jan. 1929, p. 16. 

Development of test for wearing properties 
of 12-per cent manganesc steel to give re 
sults comparable with service experience, Brief 
tbstract of paper presented before Am. Soe. 
Testing Matls. 


METALLOGRAPHY 


Metallography Simplified for Practical Use 
in Shop, E. Preuss, G. Berndt and M. v. 
Schwarz Iron Trade Rev., vol S3, no, 26, 
Dec, 27, 1928, pp. 1624-1626, 10 figs. 

Hardened steel is discussed; even with 
slowest cooling, manganese-hard = steel con 
taining about 12 per cent manganese remains 
in austenitic state and cannot be annealed 
soft: martensite in iron carbon alloys; suffi 
clent to quench hypereutectoid steels from 
ibout 730 to 740 deg. Cent, (Continuation 
of serial.) 

Metallography Simplified for Practical Use 
in Shop, E. Preuss, G. Berndt, M. v. Schwarz, 
Iron Trade Rev., vol. 84, no. 2, Jan, 10, 
1929, pp. 1380-132, 5 figs. 
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Further discussion 


steel; tools showing } 
ing have been hardens 


ture similar to hardenits 
ened chromium 


Steel il 
effects of tempering; str 
What reduced by temper 
its great brittleness m 
not suitable for cutting 
Of serial.) Translated fy 
Metallography Simplified 
in Shop, E. Preuss, G. RB 
Schwarz Iron Trade R 
Jan. 24, 1929, pp. 267-2 
Details and effects t 
and proper tempering tr: 
hardened parts are dis 
effect of quenching on 
(Continuation of serial.) 
Metallography Simplifi 
in Shop, E, Preuss, G. RB, 
Schwarz Tron Trade R 
Keb (, 1929, pp. SY2-304 


inte 


Ou 


Further discussion 
in order to obtain especia 
case-hardened structural } 
nickel steel is used t 
sults can be obtained 


oO id 


steel if carbon content 
hardened is not too high tl 
hardened laver for 


gears; ft 

ture or too long atime 
entirely spoil piece (Cont 
METALS 

DEFORMATION Relation MI 
winning to Plasticitv and St) 
(Ueber die Bedeutung det 
AWillingsbildung fuer Plastizit \ 
festigung), T. Schmid Z 
kunde (Berlin), vol. 20. | 1h 
pp. 421-425, 11 figs 

Brief deseription of both 


plastic erystal deformation 
detined as carrier of large def 
us significance of twinning 
creation of suitable conditior 


translation; results of tests on zi: 
mium ervystals 

MACHINABILITY, Report on M 
itv. E (,. Herbert Engin (] 
146, no. 8806, Dee. 21, 1928. ‘ 


Is figs. 

Machining processes change 
erties of metals to which the 
machinability is not attribute of 
can be considered or measure 
particular machining processes; | 
chips removed by metal-cutting 
dicates hardness induced in met 
process ; original hardness of met 
indication of machinability ; machi 
pends on natural angles of | 
Abstract of paper presented bef 
Mech. Engrs. See also Engineeri 
vol. 126, no. 3284, Dec 21, 1928, pr 5 


792, 9 figs. 


MACHINABILITY. Machinal I 
Herbert. Vetallurgist (Sup | 
Lond.), Jan, 25, 1929, pp. 1 

Review of paper before Institut i M 
chanical Engineers; author stud 
of series of steels under lathe- ting 
ditions, and carried out meas 
hardening effect of cutting ope 
evident that machinability is mucl 
cult thing to measure than has hit! 
believed, or even than Herbert’s work © 








META 


ENGINEERING 


lerations 1 iised by 
nstrate importance oft 
i need for more work of 


ind 


rESTING Drilling 
Machinabilitv of Metals 

Kennzeichen der Be 
lle), G Schlesinger and 
tistechnik (Berlin), vol 
1929, pp 677-683 
papers: (1) development 
1902: (2) machinability, 


ills: micro photographs 


a vs tested with twist 


echanical Properties 
and Crvstal Ager: 
Tron and Coal 
iat, me 3174, 


1 metals are ck 
structure consist of 
external shape of 

those surrounding it, 
wn natural 
vstals: individual ervs 
value of 


before 


stals: 
svimmetry 


pr yperties 5 
of lecture 


EFFECTS Power Plant 
d by Available Materials, 

vol. 69, no 4. Jan 
1, 1 fig 


nherent o1 


physical ce 
construction materials; 
showing effect of tem 
strength of metals; to 
litv of various metals 
plant, résumé is given 
design and con 
h station 


PROPERTIES Properties of 
nd Alleys and thei 
ng Process (De 


ring 


signi 
Kigenschaf 
Metalle und Ia 
Bedeutung fuer den Guss 
(Duessel 
1929, pp 


essigen 


wald (fiessered 


3, Jan 1s, 


physical properties of 
results direct influence of 
n casting process ; 


nm of molten metals and 
foundry practice 


METALS TESTING 


! f Endurance 


; 


Limits Vet 

Engineer, Lond.), Dee 
189, 1 fig 

by J. Geller published 

e of Archiv. fuer das Eisen 

vho obtains 


nternal 


expressions for 
energy 


Trequency for two 
te 


absorbed 
particular 
eyecle and 
method of 
measure 
absorbed; these methods are 
huszewiez and Spaeth in same 
form of which is 


nsion-compression 
other 
gue testing is by 


gx torsion; 
‘ novel 


the Kaiser-Wilhelm 


Re sea;4re h 


Insti 
(Kolloquium im 
Institut fuer Metallforschung). 

samte Giessereipraxis (Ber 


51, Dec 16, 1928, pp. 


INDEX 


tr t reviews of following pape In 
vestigation of Brass Crvstals, by von CQoeler 
Aging of Copper and Zine Alloys, Hansen; 
resting of Wassermann: Reervs 
tallivation Phenomena of Aluminum, Sachs; 
Deformation Resistance f Solids, Gels 
Liquids, 
©. Bauer 
Metallurgev at the 
hibition, Galibourg 
Engines , Lond.), 
| fig 


Brief deseriptions of 
plianeces of definitely 
included is special 


Duralumin, 


and 
Weissenburg: Growth of Cast Iron 


French Aeronautical | 
Vetalluraist (SN? 
dan 25. 


Vi 


1929, pp 10. 


instruments and ap 
character 
feature of Exhibition; 
apparatus for 
metals, 
appliances for 


metallurgical 


testing machines, microscope 


appliances Tor Lise 
thermoelectric and 


eXamination of 
f X-ravs, 
magnet testing, 
cluded Abstract 
Mctallurgie, Nov 


pvrometers, etc... “are WW 
translated 


10° 


from Revue «ce 


NICKEL 

Nickel, 
Industry 
Dec 91 
607-610 

Dec 21 Description of works of 
Wiggin and ( which 
metals Tor 


ALLOYS 
Nickel Allovs, ind Cobalt Vectal 


(Lond.), vol. 838. nos > and 26, 


and S, 1928, pp VS3-5O88 and 


Hlenry 
begins with pur 
their melting furnaces and 
despatch as their final products, mainly sheet, 
ribbons, and wire: nickel silvers ar« 
most important illovs 
Ajax-Wvatt frequency induction furnaces 
both het and cold rolling plants are 


described, Dee. 28: At Wiggin Street) Works 
laboratories, 


among 
made by this firm; 


used : 


scleroscope is used for 
electrical 


testing 


of hardness; 


research Jaboratoric 


NICKEL-CHROMIUM IRON 


Nickel-Chromium Alloy Iron, W 
Shimer im. Mach., vol , no. 6, Feb 
1929, pp. 249-250 

Uses ind properties of Mayari nickel 
chromium iron, especially in automobile man 
ufacture : wear-resisting properties ; 
attempt made to 

proportions of alloy 
presented before Western 


result 
change 
Abstract ot 
Metals Con 


of research; no 
natural 
paper 


rroess 


NEFRIDATION 


Methods of Approximating Certain Physi 
cal Characteristics of Nitrided Steel Cases, 
G. M. Eaton im, Soc, for Steel Treating 
Trans., vol. 15, no. 1, Jan. 1929, pp. 1 
ind (discussion) 24-35, 18 figs 

Need Tor 


emphasized ; 


inspection of nitrided products is 
vital characteristics of case are 
hardness and ductility 
are given showing 
nitrided case by 
vardness-testing 

indenter 
tinetion 


photomicrograph 
impression produced on 

practically all 

Vickers 


grives 


recognized 
machines ; diamond 
tester clearest dis 
brittle and duetil 
teristics of nitrided cases; warning is given 
that there is danger of unnecessary failures 
which will tend to diseredit nitrided products 
n general if production is entered 
into without inspection testing 


hardness 


hetween charac 


he avy 
ade quate 


NONFERROUS ALLOYS 

HEAT TREATMENT The Heat Treatment 
of Nonferrous Alloys, V. O. Homerberg. Fuels 
and Furnaces, vol 7, no. 1, Jan 1929, pp 
41-44 and 102, 9 figs 

Wide range of physical properties may be 



































































































































































































































































































































































































































































































































































































































































































































obtained by heat treatment of nonferrous 
allovs showing possibility of transformation 
of alpha plus beta into all beta condition, 
retention of which can be obtained by quench 
ing from proper temperatures; very finely 


divided alpha accompanied by marked chang: 


in physical properties results from reheating 
f beta solution 





NONFERROUS METALS 
SPECTEICATIONS 


Specifications 


Nonferrous Metal 
Foundry, vol. 57, nos. 1 and 
>» dan. 1 and 15, 1929, supp. plates 


nos 
(47, 748, 749 and 750 


Jan 1: Specifications for vellow brass, 
white-nickel brass, manganese bronze, cast 
brass to be brazed, and brazing solder are 
riven Jan. 15: Specifications for hard cast 


bronze, leaded gun metal, phosphor bronze, 
phosphor gear bronze, and bronze backing for 
lined bearings (To be concluded.) 


PY ROMETRY 


Practical Pyrometry, G. B. Brook, H. J. 
Simeox and E, Wilson Engineering (Lond.), 
vol, 126, no, 3285, Dec. 28, 1928, 
S24, 4 figs 

Subject is divided into three parts; (1) 


pp. 822 


magnetic and electrical insulation ; (2?) 
sheathing and protection of couples in fur 
nace; (3) development of quick-reading 


couple Paper read before Inst. of Metals. 


RAILS 


CHROMIUM STEEL Chromium — Steel 


Rails, T. Swinden and P. H. Johnson Roll 
ing Mill Jl., vol. 2, no. 12 
021-522 and 534 

Abstract of paper presented before’ Brit 
Iron and Steel Inst., previously indexed from 
Engineering, May 18, 1928. 


CORRUGATION Rail Materials and Cor 
rugation, G. Sproule and C. F. Pascoe. Elec. 


lraction, vol. 24, no, 12, Dec. 1928, pp 
6834-6385 


» Dec. 1928, pp. 


Discussion of report on rail corrugation 
issued by Dept. of Metallurgical Engineering, 
McGill University; rails are now more re 
sistant and cars lighter and more 
sprung which should cause decline in cor 
rugation troubles: how corrugation = starts: 
use of harder rails; analysis of rail 
mens; soundness of steel, 


easily 


spect 


MANGANESE STEEL. Value of Manga 
nese Steel Rails Laid on Curves, K. Kawai 
and WK Imamura Japan Department of 
Railways—Bul. (Tokyo), vol. 16, no. 11, 
Nov. 1928, pp. 1653-1666. 

Life and merits of carbon and manganese 
steel rails are considered in connection with 
amount of wear after 100 days’ service; 
some conclusive remarks are given up on 
valne of latter rails from safety as well as 
economical viewpoint. (In Japanese.) 


MACROSTRUCTURE. The Inverted Ma 
crostructure in Certain Lots of Rails, E., 
Decherf. Int. Ry. Congress Assn.—Bul. (Brus 
sels), vol. 10, no. 12, Dec. 1928, pp. 1048 
1055, 8 figs 

In order to be able to study in logical 
manner anomalies as macrostructures, follow 
ing investigations were made: macrostructure 
tests; arrangement of fibers; investigation 
into chemical composition ; metallographic in 
vestigations. From Revue Universelle 


des 
Mines, Mar. 16, 1928, 





TRANSACTIONS OF 
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METALLURGY Note 
segregation Observed n 
Portevin Int Ry ( 
(Bruseels), vol 10, n ] 
1073-1075, 3 figs 

Brief recapitulation f 
segregation’’ consists: mec} 
non From Revue Unive 


\ 
June 1928 


STEEL MANUFACTUR] 

Rails Make Slow Progress. H 

Can, Machy. (Toronto). x 

29, 1928, p. 35 
Rail-steel manufacture 

discussed ; development rf 

precautionary. nick and } 


by Canadian Railwavs: 


D 
heat-treated rails Brief abst 
presented before Montrea C} 
Sor Steel Treating 


TRANSVERSE FISSURES 
verse Fissures in Rails, C. Dant 
(‘onagress Assn, Bul. (Brussel 
12, Dec. 1928, pp. 1041-104 

Description of defects: 
tion: reproduction of ( 
slipping wheels; investigation | int 
rails; drop and bend test: 7 
heat-treated rails Abstract 
Génie Civil, Jan. 21, 1998 


met ff 


fissures 


REFRACTORY MATERIALS 


Progress in Refractory Mate 
Searle. Vetal Industry (/ 


no, 3, Jan. 18, 1929, 


pp. 71-74 

Progress is being made by mar 
in olmproved selection of mater 
effective treatment prior to shaping iy 
ind more skilled control of t 
drving and burning: use of tun 
Which goods are burned on s, has 
to much greater regularity in burning 
smelting: principal cause of disinteg 


in zine retorts; Continental conditior 
and copper working; brass and | 
ing; aluminum and antimony furr 
naces for precious metals: nic 
furnaces 


SPECIFICATIONS, A Manufacturer's \ 
point Regarding Specifications, G. A. B 
im Refractories Inst Tech. Bul 
Aug. 1928, 4 pp. 

Specific ations are most essentia { 
progressive industrial development 
spalling test in the writer’s opinion st 
be discarded ; speci fie ations should be 
prepared after thorough  deliveratior 
should be amenable to revision fron 
time as practical experience may ind 


SPRING STEEL 
HEAT TREATMENT. On the Heat-1 


ment of Spring Steel of Globular Cement 


Structure, S. Kokado Soc. Mech. E 
Jl. (Tokyo), vol. 31, no. 138, Oct. 1928 
954-967, 5 figs 

In this paper, influence of heating 
on tensile strength of annealed as we 
of quenched and tempered fine spring st 


(0.45 mm. thick) are studied. (In Japanes 


SPRING TESTING MACHINES 
\ High-Speed Endurance Testing Ma 
for Leat Springs, J. Bradley I 


(Lond.), vol. 127, no. $287, Jan. 11, 19 


pp. 36-37, 3 figs. 
Machine built at National P! I 

















aI AINLI 
< \ 


STEEL 


ANTIL- 





ENGINEERING INLEX 


Research Committee; in 
lowing features were r¢ 
(1) speed should be not 
les per minute, (2) test 
rm requiring little or no 
ng: (3) it should be sub 
hending moment over length 
(4) stress applied should 
speed of machine 


eI AINLI Ss IRON 


VV RA] 


RE EFFECT Effect of Tem 
| Iron, R. Sergeson Hieat 
vol 15, no. 1, Jan 

hes 
properties of high nickel 
‘on under various thermal 
conditions for utility. are 
npact tests: effect of cold 
ilizing temperature on cold 


STAINLESS STEEL 


tions of Stainless Steel Vet 
te Engineer, Lond.), Dee. 
191 

st natural application of 
there are two important fur 
in mechanical construction 
special mention, namely, pis 
hvdraulie presscs and tu! 


these are discussed, 


STEEL 


CORR 


OSIVI Rust-, Acid-, and Heat 
/ » and Steel of Canada 
vol ll, no 12, Dee 


of steels shown in table are 


st widely used; heat-resisting 


‘ONZE Et 


19: 


ly 
ARBON S« 


\ 


corrosion 


FECT. Effect of Molten Bronze 

Hook Acetylene Jl., vol. 30, 

9, pp. 277 289, 9 figs. 

ses effect of flowing molten 

teel: liabilities incurred; and 

rning effect of one upon other 

tress on contact surface. Paper 

t. Acetylene Assn 

ILUBILITY. Solubility of Car 
and Abnormal Steels, O. E 


W = Johnson im soc, jor 


Trans., vol 1b, no, 1, Jan 


19-62 and (discussion) 62-68, 34 


ARDENING 
f St 


} 


f study on normal and ab 
Vol. 13, 691-1008 of Trans 
of solubility of carbon’ in 
ind abnormal steels, making 
irburizing times and different 
peratures; results show that 
n content precipitation takes 
rmal steel at higher tempera 
irizing temperature increases 
m taken up by normal and 
s becomes essentially same, 


1 


' Recent Investigations of the 
el Hardening (Neuere Unter- 
er die Theorie der Stahlhaer 


Scheil irchiv fuer das Eisen- 


} 


ne 


Duesseldorf), vol. 2, no. 6, 
sfo-387 and (discussion) 387 

austenite into martensite ; 
ressure and_= stresses; change 
vith annealing; determination 
content; Maurer’s hardening 
rence of grain size on hard 


ness; hypothesis of Smekal and Hanemann; 
austenite-martensite diagram of state 

HARDENING The Constitution of Steel 
and Cast Iron, F. T. Sisco im. Soc, Steel 
Treating—tTrans., vol. 15, no. 1, Jan, 1929 
pp. 158-169, 1 fig 

Present installment takes up in introduc 
tory manner hardening of steel; operations 
of heating for hardening and holding at 
hardening temperature are discussed, followed 
by desc ription of effect of speed of cooling 
upon location of lower or transformation 
point, which, from standpoint of stable equi 
librium, marks phase change from austenite 
to pearlite (Continuation of serial.) 


HEAT TREATMENT Nitriding Is Hailed 
is Important Advance in Heat Treating. Jron 
Trade Rev., vol. 84, no. 1, Jan 
8-29, 1 fig 

Progress in development of Aluminum 
chromium steel and in art of nitriding them 
has been most noticeable during past year; 
opinions of leading authorities quoted; eco 
nomic aspects of nitriding situation; develop 
ment of furnaces, both electric and = gas 
fired; progress made along lines of theory 
and research; improvement of furnace and 
temperature control 

HEAT TREATMENT—TEMPERING The 
Tempering of Steel Chem Age (Lond.), 
vol. 20, no. 497, Jan. 5, 1929, pp. 2-3, 2 figs 

Discussion of Homo method; transmission 
of heat; methods of heating 


METALLOGRAPHY, Microscopic Studies 
of an Inactive Stratum in Carbon Steel and 
Ktching Structure Caused Thereby (Mikro 
skopiska studier av ett passiverande skikt a 
kolstal och darav fororsakad etsstruktur), C. 
Benedicks and P Sederholm., Jernkontorets 
tnnaler (Stockholm), vol, 83, no 3. Nov. 
1928, pp. 565-573 and (discussion) 573-575, 
11 figs 

Statement by Metallographie Institute 
original experiments on etching of 
larly homogeneous carbon steel with 
diluted nitric acid 

TEMPERATURE EFFECT The Effect of 
Furnace Atmospheres on Steel, R. G. Guthrie. 
im. Soc, Steel Treating Trans., vol. 15, no 
1, Jan. 1929, pp. 96-111 and (discussion) 
111-116, 11 figs. 

Tests with atmospheres commonly met 
within heat-treating furnaces were conducted 
at temperature of 1500 deg. Fahr. as being 
an average temperature for heat treatment 
of carbon steels of eutectoid composition ; 
author uses series of photomicrographs in 
which type of steel, conditions of time, tem 
perature, pressure, velocity, etc., are constant 
with only variable being different simple 
gases; an additional set of 


3, 1929, pp 


on 
particu 
highly 


photomicrographs 
show effects of mixing gases in various pro 
portions; chemistry of combustion of gas is 
added as appendix 


TEMPERATURE EFFECT Strength of 
Low Carbon Steels at High Temperatures, 
R. G. Batson. Engineer (Lond.), vol. 146, 
no. 8807, Dec. 28, 1928, pp. 707-709, 8 figs. 

Work described was carried out at Engi 
neering Department of National Physical Lab 
oratory, undertaken at request of Engineer 
Surveyor-in-Chief to Board of Trade; results 
of tests on steel up to approximately 650 
deg. Cent.; results of tests on 0.10 per cent 
carbon steel between 500 and 650 deg. Cent. 
are also given; general discussion of ‘‘creep’’ 
results 
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TRANSACTIONS 





rENSILI TESTING Strain Markings in 
Mild Steel Under Tension, H. S. Rawdon 
Vetal Stampings, vol l no 7. Dee 1028, 


Abstract of report in I S. Bur. of Stand 
irds—-Research paper, no. 15, previously in 
dexed from sept 1928, issue of their Jl ot 
Research 


X-RAY ANALYSIS Nature of “Blue Brit 
tleness’’ in Steel, K. Honda Iron Age, vol 
122, no, 26, Dec. 27, 1928, p. 1638 

Brief abstract of paper previously indexed 


from Tohoku Imperial Univ Sci. Reports 
(Sendai), July 1928 


YIELD POINT The Physical Significance: 
f the Yield Point Vetallurgist (Supp. to 
Engineer, Lond,), Dee, 28, 1928, pp. 186-187 

Review of two articles recently published 
in German technical press; first by W. Kuntze 
and G Sachs in \V Db I Zeit . July aa 
1928, describes experiments carried out with 
new silicon steel, which has well-defined yield 
point; authors interpret their results as af 
fording strong indications of presence of brit 
tleness; second paper, by Kuehnel, V. D. | 
/eit., Sept 1, 1928, deals with importance 
of vield point to designer 









sl 





iL. ANALYSIS 


Method of Routine Analyses in Metallurgi 
cal Works (Les méthodes d’analyses courantes 
dans les usines métallurgiques), L. Persoz 
Revue ade Chimis Industrielle (Paris), vol 


7, no. 444, Dee. 1928, pp. 382-384, 2 fi 


Determination of oxvgen in steel; descrip 
tion of apparatus and its operation 

TROOSTITE DETERMINATION.  Troostite, 
\. E. Cameron and I. E. Morrison Roy. 
Nor Canada I'rans,, Section 3, 1928, pp. 
289-291, 17 figs. on supp. plates. 

Short paper on microscopic examination of 
specimens of medium carbon (0.5 per cent 
() and high carbon (0.8 per cent C) steels 
after series of heat treatments and quench 
Ing Operations, followed by tempe ring and 
drawing operations at temperatures of 100, 
200, 300, 400, and 500 deg. Cent. 


STEEL CASTINGS 

Hlot Cracks in Steel Castings (Warmrisse 
im Stahlformeuss), K. Singer 
(Duesseldorf), vol. 15, no. 49, Dee. 
pp 1225-1229, 9 figs 

Aim of present work is to find means and 
methods of achieving greater safety in pro 


(riesserei 


iP 1928, 


= 


duction of difficult steel castings which have 
tendenev to crack, 

Symposium on Steel Castings. Foundry 
Trade Jl. (Lond.), vol. 40, nos. 648 and 
649, Jan. 17 and 24, 1929, pp. 538-54 and 
56, and 72-74, 1 fig 

Jan. 17; Present and future position of 
steel castings industry ; steel castings for mer 
chant marine; futility of hammering test; 
Admiralty specification deemed to be low; 
light-weight valves and heavy brackets ex 
hibited: homogeneity of steel castings; steel 
gearing for sugar machinery. Jan. 24; Elas 
tic and plastic strains; strength of elevated 
temperatures; properties of electric steel; 
oil-sand cores and hot cracks. 


METALLURGY. Metallurgy of Steel Cast 
ings, \ McCance Foundry Trade Jl., 
(Lond.), vol. 39 and 40, nos. 645 and 647, 
Dec. 27, 1928, and Jan. 10, 1929, pp. 465 
466, and 25-26, 15 figs 
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molten metal in m 
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condition ; 


tion at ordinary 
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In 
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place during coolir 
solid condition at high 


sented before Inst 


Instn. Mec 


STEEL 
Metallic 

mist (Sup 

1929, pp. 
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Engrs 


or 


d 
te 


temper 


Brit 


CEMENTATION 


p 


‘ 


Cementation witl 


iuthor wl 
arrived § at 


deal with 


chromium, 
balt, and 


finds in 


diagrams 


stract translated fri 


Jan. 1928. 





tantalum ; 
his interpretation 


“cemented” ] 


ot 


Cement 
to Ei 
~. 
also s 


in previo 


ation, | 


y 
wines 


1 ul 
uml 


Zirconium, 


boron, 1 


alloy 


in 


a 


Lita 
nolybder 
auth 
of mcr 
ivt ~ 
svstems if 
ym Rey 


STEEL FOUNDRY PRAG¢ 
Two Developments in Sté 
Hall Tron Age, vol. 12 
1929, pp 15-46 
Better product to meet s 
industry cooperative udve 
larger use of alloy castings 


ing as competitor 
struction machinery 


NEE 
STEEL 


Design 


HEAT 
: 


R. T. Bayless. / 
Jan. 31, 1929, pp 


Necessit 


tween designe! of | 
heat treater; wh: 
fundamental 


cracking ; 
sign from 


TREATMENT 


growing 


in Relation to He 
on Age \ 
341-342 

vy for closest kind I 
eat-treated 
it causes 


h 


sign which 


certain point 
start of failure 


eat-treatment stand] 


causes 


con 


ternal angles should be 


erous fillet 


STEEI 
IEE 


Relation 


tures of certain 


steel ingots. 


princely 


centrat 


or along sharp 
hardening 


ay 


recommended \ 
presented before Western Meta 


INGOTS 
The Production ¢ 


Lubojatzby. 
Dec. 1928, 


Rolling Mill JL, \ 
pp 531-533 

between cooling curve 

alloy-steel; sol 


stract translated fi 


schau. 


rt Certain Ste 


om 


MANUFACTURE. 
Acid Open-Hearth 
H. P. Rassbach. . 


Trans., vo 


l. 


302, 2 figs 


Recent 
ing high 


selection of acid open hearth ste¢ 


forgings ; 
operation 
are given 
emphasis 


ce 


sl 


oO 


LS, ™ 


Stee 
im 


» 
) 


mand for 
physical 


titable 
f heat 


p! 


char 


is 


(Continuation of 


Montar 


The Man 


| for | 
NOC \/ 
Feb. 1 

he avy 

pe rties 

ges I0l 


discussed 


for various proce 


placed 
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desire 
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ENGINEERING 


MANUFACTURE 
Manufacti 


ny 


sTEEI 


and pouring 
ngots of 


Wning 


tempera 
rimming steel 
proper Tempera 


heat, and methods of cast 


ne 


WETALLOGRAPHY 


ST'RUCTURI Further Ob 
Microstructure of Marten 
im. Soe Steel Treating 

» Feb, 1929, pp . 


367, lo figs 


f quenching and 
n Which commercial 
used ; representa 
found in the quenched and 


d eonditions§ are illustrated 


steels were 


Bibliography. 


Photographs on Solid 
odds Vetallurgist (Supp. to 

gan. 25, 1929, p. 16 
ge is projected into 
chrome steel under 
losive nitro starch; known 
being discovery of ©, E 
explosives expert of I S 
record is obtained which 
nent as steel itself; examples of 
f photography ; commercial ap 

e being found speedily 


tYSTALLIZATION Reervstallization 
Hot Rolling (Die Rekristal 
Warmwalzen), W. Tafel, H 
\ Schneider Stahl und Eisen 
vol 19. no , van. 3, 1929, 


stallization f soft steel after 
different compressors at 650 to 
nt.; preliminary 
pot tor 


tests to de 
measurement of grain 
initial grain size, and dif 
grain size in transverse and 
three-dimensional 
tted, results are discussed, and 
iw! 


88-section ; 


ly 


STEEL QUENCHING 


hing of Steel, P 


), Vol. 127, me 


4 ~ 


Halet en 
3286, Jan. 4, 
igs 
Ivanced that warping is 

quenching fluid, which pro 
ntial cooling on various 


shown that, in severe 
} 


largely 


Taces ; 
quenching, 
than cen 

this anomalous phenomenon be 
by presence of arrested austen 
te; it 1s suggested that 
explained in this 


ehon 


e is always softer 


uneven 
paper, Causes 


COOLING. Surface Cooling of 
enching, H. J. French, G. 8. 
Hamill Am, Soe, Steel 
15, no. 2, Feb. 


n) %s4 288. 


Cook 
Treating 
1929, pp. 217-284 


INDEX 


steel spheres 
in-hvydroxice 

r; effects of 

ih « mmercial 

f steel bodies; 
irves obtained for 
pressure ray q th water are cor 


related propertic 


ibtained rhs 


center and 


STEEL ‘TESTING 
khn ( g 
henntnis det Ehnsche 
R Wasmuht and P 

Kisen (Duesseldo 
1929, pp 4 l 


irburizing T% Beitrag i 


nentationsprobe ), 
Ntahl 


Jan 


Result of attempt to apply rburizing test 
to investigating and distinguishing between 
yood and bad steels while plant is in opera 
tion: of «ck 


Influence xidation on 
ptieenn mena occurring 


speciinel 


l 


STRIP MILLS 


COLD ROLLED ol Strip 
Department lro foe, Vi Bes , Dec 
27, 1928, pp 1629-1631, iv 

Description of new pik keling and galvan 
izing departments and cold-rolled strip plant 
f Sharon Steel oop Co.; sl illful tie-up 
with olde remarkable ease with 
which steel coming from hot mills is trans 
ferred; two sets of continuous pickling tanks; 
strip pulled through tanks at constant speed 
} three sets of tandem 


SECTIONS | 


by automatic control 


roughing mills 


I with reels and coilers: ll 
mills equipped with roller bearing 


au 


TUBES, STEEL, SEAMLESS 


MANUFA Ri Contrasts Operat 
Pilger and Type Tube Mills, 1 
Tron ad ’ a. 

1929, pp ox : 

Discussion of 

Seamless 


paper, "The Manufac 
Tubes’, presented | R 
and G \ Pugh before Am 
Mechanical Engineers; maxit 
wall factors 
vantages of two processes 
of output and costs; outputs 
Krom Stahl und Eisen, Sept 
Ihe Manufacture of Seam 
H. EK. Passmot Ry. Club 
cial Proec., vol. 28, no i 
pp. 5-25 and 
Mannesmann machine f 
billets principle 
ing; Operation of plercing 
volved in forming cavity; fi 
piercing; function of mandre 
chine operation and action 
parison ot processes, genet! 
present day 


thickness are 


(discussion) 2 


embodies 


prac tice: ie ise and 1 
terials used in making | tubes; varia 


tions or tolerances that maintained 


TUNGSTEN ALLOYS 

Tungsten-Carbon System 
Wolfram-Kohlenstoff), Kk 
Vetallkunde (Berlin), \ 
1928, pp. 437-441, 9 figs 

Metallographic and X-ray investigation gives 
proof of carbide molten tungsten 
earbon and in tungsten wires carburized from 
gas phase; electric conductivity of carburized 
tungsten wires 


(Ueber das svster 
Becker Zeit fue 
»| yA no 12, Dec 


phases in 
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CONSTITUTION OF NICKEL-ALUMINUM ALLOYs 


N. B. Pilling* and T. E. Kihlgren* 








Our sole information on the constitution of the nickel ric] 


aluminum comes from Gwyer', whose diagram, reproduced in 


800 


part as s| 


Q 





erature ~D 
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30 40 
Percent Alununum ~ By Weight 


Fig. 1—-Nickel-Aluminum Equilibrium Diagram (Gwyer). 














in Fig. 1, was published in 1908. Nickel and aluminum are completely mis 


cible when fused, although a compound, NiAl, is formed which has a melt 
ing point nearly 200 degrees Cent. greater than that of nickel. About 14 
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RECOMMENDED PRACTICES 729 
iminum is taken up in solid solution in nickel, forming the Alpha 
the compound NiAl may form solid solutions with as much as 
nickel, although not with aluminum. 
dicated changes in solid solubility with temperature of the a and 
were based on a few microscopic examinations of specimens 
om the vicinity of the solidus temperature and may need to be 
some reserve. 
magnetic transformation of nickel is depressed by aluminum, The 
non-magnetie, 
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CASE DEPTH MEASUREMENT* 


committee was organized to analyze and study the various meth 
dicating the depth ot case ot carburized steels and if found prac 
ecommend a standard method of case depth measurement. 
It must first be recognized that when steel is carburized the ‘‘ total case 
comprises the steel in which the carbon content is higher than in 
ginal material or higher than the carbon content of the core. When 
rized steel is subsequently heat treated, a certain percentage of 
se is high enough in carbon to permit hardening, thus fulfilling the 
of carburizing. This useful portion of the case we shall designate 
‘effective case.’’ The properties of this effective case are neces 
quite different for parts subjected to various uses. Thus, in a part 
only to wear or abrasion, the effective case is relatively small and 
sists only of that portion above a hardness which will resist the wear 
tered. On the other hand, steel case hardened to increase strength, 
ch must also possess toughness, will have a deeper effective case and 


omprise all the case above a much lower hardness value. 


Methods for Measuring Case Depth—There are many methods in every 
use for measuring case depth. Most of these methods indicate a depth 
wtween the effeetive and total depths. They are dependent upon 

ot heat treatment at the time of measurement, the carbon gradient 
case, and many other factors which will be discussed later. The sev 


thods for measuring case depth are as follows: 


Scale measurement of ordinary fracture. 
See note under method 3. 


Scale measurement of blued fracture. 


bluing is obtained by slowly heating the fractured specimen until 


mper colors appear. The higher carbon sections of the case reach a 


tative report of the Sub-Committee of the Recommended Practice Committee of 
. & & = n Measuring Case Depth The membership of the Sub-Committee was as 
P. Rockwell, Chairman; B. F. Shephard, Dr. R. W. Woodward, and R, J. 


s of this report are solicited and should be directed to J, 1 Donnellan, Secretary 
ittee, 7016 Euclid Avenue, Cleveland, Ohio, 



















































TRANS ICTIONS Or THE A. 8. § R 
blue color before the lower Carbon Sections. Bluing Is best d 
plate, 

Vote—See note under method 3. 

o Seale measurement of ordinary fracture Which has be, 
eid, 

Nitric acid is usually used, either Strong or diluted Wit 
aleohol. The high carbon section of the CXSe Is Colored before th 
section, 

Note Methods I, 2, and 3, which measure depth by rete) 
ture, are subject to considerable Variation, depending upon thy 
ment and subsequent carbon diffusion, and by the Personal equat 
Operator conducting the test. These methods closely approximat 
depth of ease, The usual crystalline cores are more difficult te est 
those hay Ing 4morphous or fibrous cores. Alloy steels show less ¢, 
between ease and core than do carbon Steels. Of the three method 
number 2. 
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KECOMMENDED PRACTICES 


fngnetic Analysis. 
Magnetic methods are non-destruefive and are promising, but it 
more research is necessary before these methods are available 


cial routine. 


laper-grind hardened work so that some unit of lineal measure 
surface represents a known depth from original surface, and test 
of lineal surface by some practical form of hardness test 
not only shows depth, but characteristics of the different depths 
surface in terms which are readily convertible to resistance to 
leformation, 
Taper-grinding offers the simplest way of determining effeetive 
It further shows the characteristics of the hardness of the 


it different depths and cheeks the carbon distribution im a fairly 


Results and Recommendations. Table | shows the results of a few dit 
thods of measurements on several typical samples. These samples 


ime ones used in an investigation by Rockwell and Downes which 


Table I 
Depth Measurements of Different Methods 


Plain kiched Ketehed Paper Grind 
Fracture Fracture Cross-Section Llardness ovet 
Scaled Sealed Mi rOsSCO pM C60 Rockwell 
Method 1 Method 3 Method o Method 10 
Drvche Drel Drache Inches 
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Cust 


juenched 


din the TRANSACTIONS of the A. S. S. T., Volume V, 285, 


preagee 
gave depth measurements by method 1, 8, and 5. Measurements 
d 10 have subsequently been made by a number of the sub-com 


n Which the samples were taper-ground and Rockwell ‘*C’’ hard 


ings taken along a taper of 0.030 of an inch per inch. 





TRANSACTIONS OF THE A. 8. 8. T. April 
=} 


These data show remarkably well the influence of the heat 


tment 


condition on case depth measurements and also the effect of va 


types 
of steels. 


Methods l, ae and 3 give results which for all practi ITposes 


I ehe d 


frac- 


ean be considered the total case depth when performed on sampl 


directly from the earburizing heat. Method 2 on measuring the 


ture gives consistent results and can be readily performed in the 
ing department. This method is recommended for obtaining the total depth 
of case. 


treat- 


Method 10 consisting of hardness measurements on a tapered 


is recommended for obtaining the effective case depth. As 


section 
the different 
hardness testing devices exert more or less loads on the work whie}] eould 


} 


if 


cause the case to break down into the core, mention must be ma 
testing machine used for this test. 

The sub-committee therefore recommends that the measurement of ease 
depth shall consist of two figures, one giving the total case as measured 
bv a seale on a blued fracture; the second, the effective case or depth havy- 


ing a hardness figure above a prescribed minimum. Such results would be 
as follows: 


Depth of case: 
Total—0.025 of an inch. 


Effeetive—0.010 of an inch over Rockwell C58. 
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